.  f 


UNCLASSIFIED 

,n  429095 


DEFENSE  DOCUMENTATION  CENTER 

FOR 

SCIENTIFIC  AND  TECHNICAL  INFORMATION 

CAMERON  STATION.  ALEXANDRIA.  VIRGINIA 


Reproduced  From 
Best  Avaiiabie  Copy 


UNCLASSIFIED 


NO^ICS:  ^Aien  goverzunent  or  other  dravlsgs,  speci¬ 
fications  or  other  data  are  used,  for  any  purpose 
other  than  In  connection  vlth  a  definitely  related 
government  procurement  operation,  the  U.  S. 
Qovemment  thereby  Incurs  no  responsibility,  nor  any 
obligation  ^atsoever;  and  the  fact  that  the  Ooven- 
ment  may  have  fonnolated,  furnished,  or  in  any  way 
supplied  the  said  drawings,  specifications,  or  other 
data  Is  not  to  be  regarded  by  Implication  or  other¬ 
wise  as  In  any  manner  licensing  the  bolder  or  any 
other  person  or  corporation,  or  conveying  any  rights 
or  permission  to  manufacture,  use  or  sell  any 
patented  Invention  that  may  In  any  way  be  related 
thereto. 


429095 


< - \  l‘  j  i  ^  A  COMPILATION  OF  PAPERS  PRESENTED  AT 

THE  FOURTH  JOINT  AFMTC  -  RANGE  USER 
DATA  CONFERENCE  , 


NEW  DATA  REDUCTION  METHODS  TO  IMPROVE  RANGE  DATA 


FORCE  CONFERENCii:  FACILIT'/ 
ORLANDO  AIR  FOPXE  3A5E,  FLORIDA 
26-2i  FEBRUARY  1963  , 


TABLE  OF  contents; 


Foreword 


Introductory  Remarks 

Dr.  George  K,  HesSi  Jr. 

0.  Denton  Clark 

1 

3 

Error  JPropa^atlon^ 

Mr.  J.  N,  Jamieson 

7 

^  Ballistic  Camera  Accuracy  Review' 

>0.  H.  Rosenfield 

17 

'  MISTRAMr 

Dr.  K.  E.  Relf 

55 

The  GLOTRAC  System; 

J.  W.  Stephenson,  Jr. 

R.  K,  WeUer 

111 

Advanced  Range  Instrumentation 
Ships;  , 

N.  L.  Hanson 

A.  B.  Ward 

121 

The  Errors  of  Inertial  Guidance 
Systems' 

Dr.  M,  J.  Jaenke 

145 

Data  Smoothing  ; 

Dr.  J,  R.  Garrett 

D,  B.  Gennery 

183 

A^llcatlons  o{  0ata  Filtering 
Techniques  to  Data  Processing: 

Dr.  M.  A.  Martin 

197 

'  Radar  Analysis  Progress; 

A.  E.  Hoffman-Heyden 

225 

The  CycUc  Error  as  an  Atmos - 
^  pheric  Refraction  Phenomena. 

Dr.  W.  Dryden 

0.  J.  W.  Christ 

261 

Instrumentation  Errors  Due  to 
Atmospheric  Refraction 

D.  K.  Barton 

285 

Meteorological  Support  to  Missile 
Tests 

Lt  Col  P.  E,  Romo 

323 

Calibration  Satellite 

A.  Mancini 

D.  Brown 

339 

y  ■ 


Some  >fumerical  Characteristics 
of  anllrror  Model, Best  ^Istimate 
of  Trajectory. 

Appendix  I  -  List  of  Attendees 


D.  Parks 


Page 

365 

381 


/ 


FOREWORD 


The  1963  Joint  AFMTC/Range  User  Data  Conference,  the  fourth  in 
a  series  of  annual  meetings  between  the  AFMTC  and  Range  User  data 
analysts,  was  held  at  the  Air  Force  Conference  Facility,  Orlando  Air 
Force  Base,  Florida.  The  theme  of  the  conference  was  "New  Data 
Reduction  Methods  to  Improve  Range  Data"  which  included  a  descrip¬ 
tion  of  both  the  new  mathematical  methods  being  developed  and  the 
data  reduction  procedures  for  new  instrumentation  systems. 

Certain  types  of  problems,  such  as  tlie  determination  of  improved 
filters,  refraction  correction  methods,  and  techniques  for  developing 
error  models  are  common  to  all  analysis  efforts.  Since  this  suggests 
that  something  is  to  be  gained  by  pooling  our  knowledge  and  experience 
in  working  on  these  problems,  several  of  the  other  AFSC  Centers  were 
invited  to  participate  in  the  conference  program.  Inclusion  of  these 
papers  is  believed  to  have  broadened  the  scope  of  the  conference. 

Once  again  we  are  including  all  of  the  papers  in  a  report  as  a  means 
of  documenting  the  current  status  of  the  AFMTC  efforts  in  data  reduc¬ 
tion  and  analysis.  This  report  will  be  furnished  to  the  attendees  who 
have  requested  it,  but  will  not  be  available  for  a  general  distribution. 
Also,  it  should  be  noted,  that  the  collection  of  papers  is  disseminated 
by  way  of  providing  information  and  does  not  represent  an  official 
AFMTC  or  Air  Force  document. 

The  1963  conference  was  the  most  successful  to  date  in  terms  of 
attendance.  Tentative  plans  call  for  a  continuation  of  this  endeavor 
as  lor^  as  it  appears  fniitful.  Again  we  would  like  to  invite  comments 
from  all  who  attended  the  meeting  as  to  any  suggested  improvements. 
These  comments  should  be  addressed  to; 

Director,  Data  Acquisition  &  Processing  (MTOE) 

Air  Force  Missile  Test  Center 

Patrick  Air  Force  Base,  Fla. 


INTRODUCTORY  REMARKS 


DR.  GEORGE  K.  HESS,  JR. 

Good  morning,  ladies  and  gentlemen. 

Welcome  to  the  Fourth  Joint  AFMTC/Range  User  Data  Conference. 

Our  theme  this  year  is  "New  Data  Reduction  Methods  to  Improve 
Range  Data". 

To  some  people,  statistics  are  something  to  lie  with.  However,  to 
those  of  us  here  today  statistics  is  the  body  of  principles  and  methods 
that  have  been  devel  oped  for  collecting,  analyzing,  presenting  and 
interpreting  large  masses  of  numerical  data.  Statistical  treatment 
cannot  in  any  way  improve  the  basic  validity  or  accuracy  of  the  raw  data. 
The  basic  information  must  be  collected  in  such  a  way  that  it  is  accurate, 
representative  and  as  comprehensive  as  possible. 

As  you  know,  the  general  purpose  of  science  is  to  predict  and  control 
what  will  happen  in  a  series  of  events.  The  scientist  himself  must  be 
a  careful  and  tireless  worker.  He  must  e:qperiment  and  he  must  be 
extremely  honest  in  recording  what  be  observes.  He  must  be  willing 
to  do  things  over  and  over  tunil  he  is  sure  of  his  results.  You  are  going 
to  hear  today  about  a  wide  variety  of  measurement  and  data  reduction 
techniques.  The  scientific  honesty  which  is  the  root  of  this  work  is  of 
utmost  importance.  I  might  add  that  this  forum  has  no  place  for  the 
scientific  swindler.  The  data  reduction  methods  to  be  reported  here  are 
complex  and  sophisticated.  You  will  not  find  the  material  easy. 

If  you  will  look  over  your  conference  agenda  you  will  see  that  the  heavy 
emphasis  is  on  the  technical  subject  of  trajectory  measurements,  CXir 
national  missile  strategy  calls  for  accurate  shots.  Guidance  and  tracking 
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technology  are  in  a  close  race.  This  state  of  measurement  accuracy 
has  been  achieved  by  painstaking  care  in  gyroscope  and  accelerometer 
manufacture  and  by  corresponding  advances  in  radar  systems. 

But  dominating  the  entire  picture  is  our  scientific  integrity.  It  is 
professionally  embarassing  to  me  to  see  so  much  science  hocus-pocus 
advertised  in  the  technical  and  public  press.  But,  in  the  end,  it  will 
be  your  efforts  and  interests  in  keeping  the  measurement  sciences 
honest  that  will  save  this  golden  age  of  science. 
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INTRODUCTORY  REMARKS 
G.  DENTON  CLARK 

Once  again  it  is  my  pleasure  to  be  the  official  spokesman  for 
the  Air  Force  Missile  Test  Center  Range  Contractor  and  the 
Radio  Corporation  of  America. 

In  my  area  of  interest,  the  RCA  Missile  Test  Project,  contri¬ 
butions  are  in  the  technical  operating,  and  scientific  fields. 
We  are  very  proud  of  the  role  we  have  been  playing  in  the 
gathering  of  data  -  on  the  Range  -  The  reduction  of  data,  and 
its  analysis. 

Ail  each  year  passes  you,  who  represent  the  Range  Users,  are 
bringing  to  reality  an  ever  increasing  number  of  feats  which, 
only  a  few  years  ago,  were  considered  science  fiction.  Last 
year,  to  mention  a  couple  of  these  feats,  we  saw  manned 
orbital  flights  and  real-time  television  programs  relayed 
between  two  continents.  This  coming  year  we  will  see  the 
fruition  of  much  that  has  been  in  the  laboratories  and  shops; 
and  the  future  will  unfold  that  which  is  on  paper  and  in  the 
fertile  minds  of  our  devoted  people. 

This  rapid  advancement  in  technology  has  placed  great  demands 
on;  1)  the  accuracy  and  precision  of  data  collection,  2)  data 
reduction  and  data  analysis  techniques  and,  ultimately,  timely 
delivery  of  data  to  you  the  Range  User.  [See  Figure  (1)3 
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Our  work  starts  the  moment  Range  User  requirements  are  placed 
on  the  Range;  which  is  usually  well  in  advance  of  hardware 
delivery.  As  launch  day  is  reached  we  are  in  high  gear  at 
our  battle  stations  for  the  acquisition  of  your  data.  Next 
follows  its  processing,  reduction  and,  finally,  delivery. 

In  order  to  fulfill  this  full  loop  of  responsibility  to  PAA 
and  the  Air  Force  we  are  organized  as  shown  in  Figure  (2). 

We  not  only  hope  that  our  data  product  is  useful  to  you  but 
that  joint  meetings  such  as  this  will  promote  a  flow  of  ideas 
and  useful  information.  I  encourage  you  to  discuss  with  us, 
not  only  during  the  next  few  days  but  at  any  time,  subjects 
which  may  be  of  particular  interest  to  you.  We  sincerely^ 
hope  you  will  enjoy  your  stay. 
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Figure  2 
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ERROR  PROPAGATION 


by: 

Janes  N.  Jamieson 
RCA  Missile  Test  Project 
Patrick  Air  Force  Base,  Florida 


Presented  at; 

FOURTH  JOINT  AFMTC  RANGE  USER  DATA  CONFERENCE 
Orlando  Air  Force  Base,  Florida 
26-28  February  1963 
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KRROR  PROPAGATION 


ABSTRACT 

The  random  errors  known  to  exist  in  a  measuring  device  are  propagated  through 
the  mathematical  model  of  the  device  to  the  final  measurements,  so  that  we  can 
detain  estimates  of  the  errors  in  the  data  to  be  expected  when  future  measure-* 
ments  are  taken.  This  is  commonly  referred  to  as  Geometric  Dilution  of  Preci¬ 
sion  (GDOP), 

A  description  of  the  theory  and  the  methods  of  confutation  will  be  given. 


INTRODUCTION 

GDOP,  or  Geometric  Dilution  of  Precision,  is  the  title  given  at  AMR  to  the  co- 
variance  propagation  arising  from  the  maximum  likelihood,  or  least  squares 
adjustments,  of  tracking  data.  It  is  a  measure  of  the  accuracy  of  an  instru¬ 
ment  or  combination  of  instruments  to  bo  used  for  a  particular  tracking  assign¬ 
ment.  It  is  utilized  by  those  who  plan  the  Instrumentation  to  be  used  in  future 
tests.  Given  a  theoretical  trajectory  of  some  missile  program  it  is  neoessazy 
to  prove  that  the  proposed  tracking  instrumentation  can  deliver  the  accuracy 
demanded  by  the  Missile  Contractor  on  the  particular  flight  in  which  he  is 
interested. 


COORDINATE  TRANSFORMATIONS 


Before  computing  the  GDOP  of  an  array  of  tracking  devices,  it  is  necessary  to 
transform  the  trajectory  from  the  given  coordinate  system  to  each  of  the  track¬ 
ing  stations. 


If  a  point  in  space  is  represented  by 


2L  * 

y*  2) 

(1) 

in  some  coordinate  system  and  by 

X  =  (x. 

y,  2) 

(2) 

in  some  other  coordinate  system,  then  there  exist  an  orthogonal  matrix  A,  of 
order  3,  and  a  3-dlmenslonal  vector  b,  such  that 

X  =  Aj<  +  b  (3) 

"A"  represents  the  rotation  of  the  original  system  to  one  parallel  with  that  of 
the  second  coordinate  system,  and  b  represents  the  translation  from  one  location 
to  the  other  to  complete  the  coordTnate  transformation. 
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■. -d  time  derivative  of  (3) 

X  = 


giv6s 

•a  1  • 

^  +  Ax  +  b 


(4) 


where  in  all  cases  the  dots  denote  time  derivatviest  A  is  the  matrix  resulting 
from  the  time  derivatives  of  each  term  of  A,  as  is  the  vector  of  derivatives 
of  elements  of  b.  Equations  (3)  and  (4)  may  be  combined  into  one  matrix  equation 


n‘7 


\  / 


(5) 


In  the  event  the  two  coordinate  systems  are  stationary  with  respect  to  one 
another,  X  and  b  will  contain  zeros  only.  An  example  of  this  would  be  two 
earth^fixed  systems,  say,  one  at  the  launch  pad  and  the  other  at  some  tracking 
station.  On  the  other  hand,  an  inertial  transformation,  say,  from  some  system 
fixed  with  reference  to  the  sun  to  an  earth-bound  tracking  station  would  produce 
non-zero  terms  in  X  and  S, 


COVARIANCE  PROPAGATIOH 


Covariance  propagation  arises  from  the  need  to  know  cexbain  quantities  that  we 
cannot  measure  directly.  Cartesian  coordinates  are  sensible  and  easy  to  visu¬ 
alize,  but  electronic  tracking  devices  don't  measure  x,  y,  end  z  directly.  They 
measure  ranges,  range  differences,  range  sums,  angles,  direction  cosines;  quan¬ 
tities  that  are  not  quite  as  easy  to  visualize  in  space.  These  measurements 
are  then  transformed  to  "easy-to-see”  coordinates.  Included  in  these  transfor¬ 
mations  are  the  errors  in  measurement  that  these  tracking  devices,  being  machines 
must  have. 

When  a  measurement  is  made  there  is  a  difference,  however  ensU,  between  the 
measurement  and  the  true  value  of  the  quantity  being  measured.  Let  this  dif¬ 
ference  be  called  Ax.  If  the  measurement  is  repeated  several  times  it  is 
hoped  that  x  the  average  or  arithmetic  mean  of  all  the  measurements,  defined  by 

n 

i  j. 

JT  =  n  X£  (6) 

IS  close  to  the  true  value,  say,  x^.  Stnee  each  measured  value  Xx  is  made  up 
of  the  tnjm  value  plus  the  error 

xi  =  xt  t  (  flx)i  (7) 

the  average  of  n  measurements  is  from  Equations  (6)  and  (7) 


n 
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(8) 


J  +  n  1  (Ax)^ 

(9) 

i=l  i=l 

+  AX 

(10) 

Th«  first  tartn  on  the  right  of  Equation  (10)  cones  from  the  corresponding  term 
in  Equation  (9)  where  the  true  value  is  added  n  times  to  itself  and  the  sum 
divided  by  n  to  give  the  or  true  value  again.  The  second  term  is  the 
average  of  the  n  errors  which  suggests  the  notation. 

If  as  is  hoped  the  average  measurement  is  in  fact  close  to  the  true  value,  then 
the  average  of  the  errors  Is  very  nearly  zero.  Ideally,  when  the  average  error 
is  zero,  the  average  of  the  squares  of  the  errors  shown  in 

(ax)2  =  n  "  <11) 

i=l 


equals  a  value  known  as  the  estimate  of  the  variance  of  x. 

In  our  application  we,  of  course,  do  not  have  the  ideal  case  to  woi4c  with,  but 
the  average  of  the  errors  can  indeed  be  considered  to  be  zero  for  if  it  were  not 
it  would  indicate  a  bias  in  the  measurements  which,  once  identified,  could  be 
subti^cted  to  leave  a  zero  mean  once  again.  It  is  further  kncwn  that  the  dis¬ 
tribution  of  the  errors  is  not  necessarily  Gaussian,  however,  we  blithely  pro¬ 
ceed  with  the  optimistic  assumption  that  it  is  for  two  rsasons! 

1.  It  is  believed  that  the  approximation  is  a  close  enough  one,  and 

2.  We  hsve  no  other  means  of  attacking  the  problem. 


As  the  number  of  terms  taken  in  the  determination  of  the  average  grows  larger, 
TfixP"  begins  to  settle  down  to  the  variance.  This  cm  be  symbolized 


o„2  -  lim 

"  ■  n—joo 


iT 


"  5 

s  (dx)*i 
i»l 


(12) 


Where  is  called  the  variance  of  x.  The  square  root  of  the  variance  is 
the  standard  deviation  about  the  mean,  which  is  associated  with  the  bell-shaped 
curve  of  the  normal  probability  distribution. 


Closely  associated  with  the  variance  is  the  covariance.  If,  each  time  x  is 
measured,  another  variable,  y,  is  also  measured,  then  as  in  Equation  (12)  for 
X  the  variance  of  y  can  be  calculated,  along  with  a  "cross"  variance  or  eovar^ 

ianci* 


o 


xy  = 


5 


tT 


u 


^  (*x)i 

i=l 


<*y)i 


(13) 


hetv/iprr.  tV.f  VttT’5rtbl<5  x 
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7!':;  variance  is  a  tneaaure  or  the  size  of  the  error  to  be  expected  in  the  mea¬ 
surements,  The  standard  deviation  bounds  soma  68.26%  of  the  expected  eiTOPS. 
The  covariance  i  a  measure  of  the  dependence  of  the  errors  of  one  variable 
upon  the  errors  of  another  variable. 

Suppose  that  there  is  a  group  of  f  . quantities  (x]_, 'x2t  X3 'i' •  •  •  xf).to  be 
measured.  The  covariance  of  any  pair  of  then  can  be  written 

=  n^So  "  i=l 

Kow,  if  the  x's  are  each  functions  of  a  list  of  variable*  u(  i.e. 

Xi  =  XI  (ui,  U2,  .  .  ,  ,  Up) 

X2  =  X2  (ui,  U2,  .  .  .  ,  Up) 


Kf  =  Xf  (ui,  U2, 


*  *  *  » 


up) 


(IS) 


then  small  errors  in  xt  nay  be  approxinated  by  the  differential  aa^raesion 

P  ax4 

=  qSl  (16) 

Substituting  Equation  (16)  Into  (14)  we  get 


8uq 


lin  i  n  p  p  3Xj  a*)c 

^  n-^o  "  iEi  qii  .^1  ‘‘Vi 


(17) 


(IS) 


Now,  because  the  partial  derivatives  are  independent  of  the  observations,  we 
can  again  change  the  order  to 


P  P  a>Sk  lim  1  " 

=■  qil  r6l  n-^o  IT  (fiVl 

and  by  applying  (14)  to  the  limit  in  (19)  we  have 

3: 


'’’4*^  =  q= 

The  generalized  law  of  covariance  propagation 


’4’‘k  =  q^l  ril  \  \  “Vr 


(19) 


(20) 


THE  PRINCIPLE  OF  LEAST  SQUARES 

Let  us  think  of  the  variances  and  covariances  set  down  in  a  matrix 
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(21) 


‘^xx 

*1*1 

S*2 

*^*1*3  ■ 

'  •  *^»l*f 

^*2*1 

‘^*2*2 

6x2X3  • 

•  •  *^*2*f 

‘**3*1 

***3*2 

<^3X3  * 

•  *  ‘^3*€ 

S*x 

6x4x2 

6*4*3  . 

•  •  S*< 

\ 

/ 


It  Is  s  good  picture  of  the  errors  to  be  expected  when  osMurlng  the  C  vsrisbles 
’‘I I  3^2  >  •  •  ’  >  Notice  thst  ^  is  sn  (  x  f  srrayi.  This  is  the  eovarlanee 

mstrix  of  (  vsrisbles,  Associsted  with  the  covsrlsnce  mstrix  ^  is  soother  (  x  ( 
nstrlx  W. 


W  - 


which  is  the  inverse  of 


*'*1*1 

**1*2  • 

•  '»xxX4 

**2*1 

**2*2  • 

•  •  **2*f 

V*f*i 

WX4X2  • 

.  .  w^ 

the  JE  matrix. 

or 

(22) 


(23) 


Ve  shell  refer  to  W  ss  the  weight  nstrtx.  The  gensrslieed  aethod  of  least 
squares  shows  that  W  it  propagated  in  nuch  the  saae  nanner  as  ^ ,  Correspondiag 
to  Equation  (20),  the  generalised  law  of  covariance  propagation.  Is  the  propaga*- 
tion  of  weight.  _ 

£  2  ^ 

«xjXk  ■  4-1  r-1  ^  ’'uqUj  (2^) 

Mote  that  the  partial  derivatives  are  taken  in  an  inverted  nanner  iron  those  in 
Equation  (20).  At  the  covariance  matrix  givee  a  picture  of  the  errors  of  a  sys- 
ten  the  wei^t  matrix  gives  a  picture  of  its  accuracy.  If  a  tern  in  the  weight 
matrix  is  large  the  correspondiag  variable  can  be  measured  accurately,  if  the 
weight  is  small  so  is  the  expected  accuracy  of  measurement. 

If  we  axe  considering  measureoentt  from  several  devices  which  nay  be  supposed 
completely  independent  of  one  another,  such  as  radars,  etc.,  then,  if  their 
measurements  are  all  properly  taken  into  account  to  solve  for  the  best  estimate 
of  the  set  of  Cartealw  coordinates,  the  weight  matrix  of  this  set  of  coordinates 
is  the  sum  of  the  weight  matrices  of  all  the  stations  in  the  solution.  This 
additivity  of  W  can  be  shewn  for  the  so  called  least  squares  method* 

Wtotal  -  Wi  +«2  +W3  +  .  .  .  +  Wj,  (25) 
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tils  vcre  vrlccea  In  tenna  of  covariance  matrices  we  would  have 


£ 


total  “ 


(I 


-1 

1 


V 


2 


-I 


-1 

3 


■h 


+  z 


-1 

m 


) 


-1 


(26) 


Houaver,  Equation  (26)  brings  up  a  problem  which  Equation  (25)  aolvea  ioMdiate* 
ly,  the  covariance  matrix  In  many  cases  £or  a  single  Instnsoant  does  not  exist 
while  the  weight  matrix  always  exists. 

Recall  from  Equation  (IS)  that  In  order  to  generate  the  covariance  matrix  of 
an  inatnsoent  It  was  necessary  to  solve  for  the  Cartesian  coordinates  in  terms 
of  the  measured  parameters  alone.  At  times  this  is  impossible.  For  Instance, 

If  the  Instrument  under  consideration  measures  range  only,  the  relationship 
between  the  measured  quantity  and  the  Cartesian  coordinates  csn  be  written: 

r2  »  x2  +  y2  +  b2  (27) 

but  one  cannot  solve  for  the  Cartesian  quantities  in  terms  of  &  alone.  Another 
example  would  be  a  camera  which  cannot  meaaure  range.  Azimuth  and  elevation 
are  all  that  can  be  obtained.  The  relation  here  may  be  written 

,  1/2 

sin  A  -  x/(x2  +  y2)  (28) 

sin  E  -  */(x2  +  y2  +  e2j^'^2 

but  again,  one  cannot  solve  for  x,  y,  and  i  in  terms  of  A  and  B  alona.  The  par- 
tlals  of  the  terms  on  the  left  of  each  of  the  three  preceding  aquations  can  ba 
evaluated  with  respect  to  x,  y,  and  z  so  thst  Equstlon  (24)  can  be  written  for 
any  system.  That  Is,  one  can  always  write  the  weight  matrix  for  any  system. 

Let  US  combine  Eqtuttions  (23),  (25),  and  (26) 


^  total  -  (Wl  +  W2  +  W3  +  .  .  .  +  W„)"^  (30) 

so  that  with  Equation  (24)  we  have  all  the  mathematics  we  need  to  compute  GDOPs. 

For  convenience  we  will  convert  Equation  (24)  to  a  matrix  equation  and  then  give 
an  example  for  clarification.  Suppose  that  there  are  (  x's  and  p  u's  so  that 
all  of  the  partial  derivatives  of  the  u's  with  respect  to  the  x's  may  be  listed 
thus : 


<Jul 

»ul 

...  ^“1 

hx^ 

5x2 

bu2 

9u2 

8u2 

^*1 

0X2 

SX( 

.  .  .  ^ 

dx2 

dx( 

(31) 
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(32) 


T 

It  B  mesas  the  transpose  of  the  matrix  B  then  Equation  (24)  can  be  written 

Wx  -  b'^  Wu  B 

Let  us  consider  the  example  of  a  range  measuring  device.  The  manner  la  which 
it  determines  range  Is  of  no  concern  here  ( it  may  even  be  a  foot  rule) ;  all  we 
need  to  know  is  the  variance  dr^  of  the  measured  paratsetar.  The  covariance 
sMtrlx  X  of  this  instrisnent  Is  a  1  x  1  matrix  consisting  of  the  single  number 

I  -  (tfR^)  (33) 

The  inverse  of  a  1  x  1  matrix  is  easy  to  find.  It  is  the  reciprocal  of  its 
eleswnt. 

W  -  (gp)  ■  (wrr)  (34) 

I.et  us  now  solve  for  the  matrix  B  associated  with  this  instrument.  From  Equation 
(27)  we  have  the  relation  bc^en  coordinates  and 
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'.veri'-'  of  the  matrix  in  Equation  (30)  does  not  exist  for  the  reasons  Stated 
however,  if  two  more  ranw-only  measuring  devices  were  introduced  and 
-'-oi;’  matrices  added  to  the  matrix  in  Equation  (38),  then  the  theory  predicts 
that  there  will  be  a  solution  to  Equation  (30)  and  a  covariance  matrix  can  be 
confuted.  The  diagonal  elements  of  the  covariance  matrix  are  the  variances  of 
the  Cartesian  coordinates. 


SUMMARY 

The  procedure  just  outlined  Is  what  is  now  in  our  regularly  used  IBM  7094  6D0P 
Program  ZAAR,  The  program  is  capable  of  estimating  the  comblnad  GOOP  of  up  to 
ten  separate  Instruments  in  any  combination  of  all  the  tracking  devices  on  the 
range  or  now  anticipated. 

The  ability  to  propagate  the  error  in  geodetic  location  of  the  tracking  station 
is  available  as  well  as  the  ability  to  refer  the  GDOP  to  any  earth-fixed  coordi¬ 
nate  system  desired. 

Another  feature  in  the  program  is  the  ability  to  increase  the  error  due  to  re¬ 
fraction  at  lower  elevations. 

ZAAR  will  process  from  one  thousand  to  two  thousand  trajectozy  points  per  hour 
per  tracking  device  depending  upon  how  much  information  is  requested.  It  Is  a 
large  scale  program  which  requires  most  of  the  core  storage  in  the  32K  asmory 
available.  The  program  was  written  to  be  able  to  process  any  instrument  on 
the  range  and  is  arranged  for  easy  modification  to  include  new  instrumentation 
when  required. 

The  program  requires  the  location  and  orientation  of  the  tracking  instrumenta¬ 
tion.  It  must  have  a  trajectory  along  which  to  compute  GDOP's.  Of  course^  this 
means  that  the  origin  of  the  trajectory  and  its  orientation  are  required.  Final¬ 
ly,  the  independent  errors  in  the  trac):ing  devices  themselves  must  be  entered. 
These  are  the  errors  which  are  to  be  propagated. 

The  program  then  produces  the  transformation  matrices  it  uses.  As  It  precssses 
points  along  the  trajectory  it  lists  those  that  can  be  measured  by  any  instru¬ 
ment ,  It  then  lists  the  transformed  trajectory  or  at  least  that  part  of  it 
which  can  be  seen  by  each  instrument.  Following  this  information  are  the  look 
angles  from  each  instrument,  i.e..  A,  E,  R,  1,  and  m.  Finally,  the  GDOP,  the 
errors,  in  any  Cartesian  coordinate  system  desired,  the  standa:^  deviations  of 
the  individual  coordinates  and  the  total  position  and  velocity  errors  to  be 
expected  are  listed. 

The  program  assumes  that  the  parameters  measured  by  a  tracker  are  Independent 
of  one  another.  It  is  realized  that  a  certain  amount  of  error  is  introduced 
by  this  assumption  but  estimates  of  the  covariances  between  these  parameters 
are  not  presently  possible. 
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presented  at: 

fourth  joint  afmtc-ranoe  usrr  data  conference 

Orlando  Air  Force  Base,  Florida 
February  196? 
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BALLISTIC  •CAMERA  ACCURACY  REVIEW 
Abstract 


PHASE  1 

(preparation  for  MISTRAM  Calibration) 

This  report  Is  a  compilation  of  the  separate  final  reports 
from  each  of  the  major  areas  of  activity  eonoemed  with  the  deter¬ 
mination  and  the  correction  of  errors  of  the  AMR  Ballistic  Camera 
systems  required  for  calibration  of  the  MISTRAM  System. 

The  history  of  the  Ballistic  camera  Accuracy  Review  project 
(BACAR)  Is  described.  The  reasons  for,  the  objectives,  and  the 
methods  of  the  project  are  discussed  In  detail.  An  Indication  of 
the  amount  of  effort  expended  to  evaluate  and  calibrate  the  Bal¬ 
listic  Camera  System  Is  given.  Discussion  of  the  major  accomplish¬ 
ments  to  date,  as  well  as  the  limiting  problem  areas  for  the  future 
Is  also  presented.  The  project  will  result  In  better  data  for  the 
Range  user  and  In  Increased  credence  In  the  accuracy  of  the  Bal¬ 
listic  camera  System.  The  results  of  this  phase  will  be  used  to 
determine  the  present  accuracy  of  the  Ballistic  Camera  Systems. 
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preface 


In  order  to  establish  the  Improvement  resulting  from  Phase  1, 
It  was  necessary  to  first  evaluate  the  accuracy  of  the  earlier 
Ballistic  camera  data.  Data  were  already  on  hand  from  38  plates 
amd  SO  tests  from  the  AZUSA  MK  II  evaluation  of  the  summer  of 
1959.  In  addition,  data  were  accumulated  from  103  plates  and 
36  tests  from  1961.  The  measure  of  the  accuracy  of  the  systems 
can  be  obtained  from  analysis  of  the  standard  errors  of  unit 
weight  from  the  orientations  and  also  from  the  trlangulatlons . 
These  data  are  summarized  in  Table  I.  Equivalent  data  are  to  be 
continuously  accumulated  on  all  future  plates  and  tests  using  the 
BACAR  computer  routines. 


TABLE  I 

focal  orientation 

length  /  I15  2lQ  30O  •  Cumulative  Trlangulatlon 


1959: 

s 

0 

3.5 

3.7 

4.3 

3.8 

4.5 

s 

- 

- 

- 

0.9 

2.0 

1961; 

s 

0 

3.5 

4.0 

4.5 

4.2 

4.8 

8 

0.7 

0.6 

0.8 

0.8 

1.8 

=  standard 

error 

of  unit 

weight 

s  =  standard  deviation  of  data  about  the  standard 
error  of  unit  weight. 

All  values  are  In  microns. 

The  total  errors  computed  from  actual  data  were  then  sub¬ 
divided  into  component  errors  as  shown  in  the  following  table; 
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Error  budget  for  BC-300  Camera  (from  actual  data) 
Estimated:  before  BACAR 


Orientation 


s 


Setting  error 

1 .5mu 

2.25 

Comparator  error  (STKl) 

2.7 

7.29 

Emulsion  error 

3.0 

9.0 

Star  catalogue  error  0.7 

sec 

1.0 

1.0 

Refraction  error  (stars) 

0.2  sec 

0.3 

0.09 

(19.631 

igulation 

Orientation  error 

4.4 

19.63 

Sitting  error 

1.5 

2.25 

Refraction  error  (atmosphere) 

2.0 

4.0 

1.5 

sec 

[25.88] 

4,4mu 

2!!95 


5.1mu 


s  «  estimated  standard  deviation  or  standard  error 
s^  «•  standard  error  of  unit  weight 

The  Improvements  brought  about  by  phase  I  of  the  BACAR  work 
are  expected  to  reduce  the  component  errors  as  shown  below.  The 
data  estimates  are  being  validated  by  evaluation  of  actual  data. 

Expected:  after  BACAR  Phase  I 

Orientation  b  ®1  1* 


Setting  error 
Comparator  error  (STKl) 

Emulsion  error 

Star  catalogue  error  0.7  sec. 
Refraction  error  (stars)  O.S  see. 


Trlangulatlon 

Orientation  error 
Setting  error 

Refraction  error  (atmosphere) 

1.5  sec. 


1.5mu  2.25 

1.0  1.0 

1.0  1.0 

1.0  1.0 

0.3  0.09 

[5.54]* 


2.3mu 

11:54 


2.3  5.29 

1.5  2.25 

2.0  4.0 

[11.54]*  -  3.4mu 
2"27 
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Section  I  -  Scope  of  Work 


This  section  discusses  the  founding  of  the  original  BACAR 
Committee  and  the  tentative  outline  of  work  to  be  performed  under 
the  BACAR  Project. 

In  any  system  of  precision  Instrumentation,  the  equipment  is 
designed,  engineered  and  manufactured  to  produce  a  particular  level 
of  geometric  quality.  When  the  system  is  operated  in  accordaneeu 
with  the  manufacturer's  specifications,  the  user  is  Justified  in 
expecting  the  geometric  quality  requirements  for  the  system  to  be 
fulfilled.  The  certification  of  the  manufacturer  is,  of  course, 
not  sufficient  to  assure  the  operational  goemetrlc  quality  of  the 
Instrumentation  systen .  Thus,  the  necessity  exists  for  evaluation 
by  the  user.  When  a  higher  level  of  geometric  quality,  over  and 
above  the  design  requirements.  Is  needed  It  becomes  necessary  to 
calibrate  the  equipment;  and  to  use  the  calibration  coefficients 
In  the  data  reduction  process  to  remove  systematic  errors.  The 
major  question  In  both  evaluation  and  calibration  Is  what  to  use 
as  a  standard.  These  concepts  may  be  applied  to  any  system  of 
measuring  equipment. 

During  past  years,  the  Ballistic  Camera  System  has  been  con¬ 
sidered  to  be  the  accuracy  standard  at  AMR  with  a  prime  mission 
of  evaluation  and  calibration  of  other  Instrumentation  systems, 
both  optical  and  electronic.  The  state-of-the-art  of  electronic 
measuring  has  now  reached  the  point  where  the  geometric  quality 
required  of  the  Ballistic  Camera  System  now  becomes  a  fxmctlon  of 
the  focal  length  -  the  lever  arm.  Thus  the  geometric  quality  of 
a  1,000  nun  focal  length  camera  will  be  represented  by  the  ratio 
of  2  parts  per  million.  A  two-camera  reduction  with  good  geometry 
will  transform  this  geometric  quality  to  the  spatial  position 
point.  Additional  cameras  with  good  geometry  will  increase  the 
geometric  quality  of  the  position  data  by  approximately  the  square 
root  of  the  number  of  cameras  added. 

A  working  committee  was  established  In  September  1961  to 
review  the  present  status  of  the  Ballistic  Camera  System  on  the 
AMR  and  to  develop  and  implement  a  plan  capable  of  meeting  the 
objectives  defined  below: 

Specific:  Phase  l 

1.  To  improve  the  AMR  Ballistic  Camera  System  geometric 
quality  capability  In  order  to  meet  the  MISTRAM  evalu¬ 
ation  requirements. 

2.  Determine  the  maximum  theoretical  geometric  quality 
capability  of  the  system  In  Its  present  configuration 
on  the  AMR  today  . 

3.  Evaluate  the  geometric  quality  of  the  present  system  as 
it  performs  today. 

Release  date  oy  committee  -  13  July  1962 
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Broad;  phase  II 


Having  reached  the  practical  maximum  geometric  quality 
capability  of  the  present  system,  to  establish  a  program  to 
preserve  this  maxlim^m  geometric  quality  as  well  as  developing 
on  a  continuing  basis  refinements  to  the  system  compatible 
with  the  state-of-the-art  capable  of  leading  to  Improved 
system  geometric  quality. 

Plan  of  Attack 

The  technical  elements  of  the  Ballistic  Camera  System  have 
been  broken  down  Into  four  major  areas  with  each  major  area  further 
sub-dlvlded  Into  more  detailed  parts,  as  outlined  below.  Because 
of  the  complex  Inter-weavlng  of  the  technical  elements  and  their 
dependence  one  upon  the  other.  It  has  not  been  feasible  to  establish 
one  or  more  elements  as  being  the  most  critical  area  affecting 
system  accuracy. 

Acquisition  Instrumentation  Considerations 

Camera 

Timing 

Photographic  Considerations 

Plate 

Emulsion 

processing 

Storage 

Plate  performance 

Operational  Considerations  (Acquisition) 

pedestal  Stability 
Environmental  Conditions 
procedures 
Personnel 

Data  Reduction  Considerations 

Mathematical  Error  Model 

Statistical  Estimation 

Equipment 

procedures 

personnel 

Method  of  Operation 

The  Ballistic  Camera  Accuracy  Review  project  Is,  thus,  a  two- 
phase  operation; 

l)  the  evaluation  of  the  geometric  quality  of  the  Bal¬ 
listic  Camera  System  as  it  Is  engineered  at  the  present  time,  and 
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2)  the  calibration  of  this  system  so  that  increased  geo¬ 
metric  quality  may  be  obtained.  In  doing  this,  the  entire  BC 
System  has  been  considered  by  its  various  components,  such  as: 

a)  the  photogrammetrlc  aspects,  which  Include  the 
theory  and  operation  of  the  system  for  measuring; 

b)  the  photometric  aspects,  which  Include  the  ability 
of  the  system  to  record  and  measure  the  light  which  passes  through 
the  optics  and  impinges  onto  the  photo-receptive  elements.  The 
extension  of  photometries  concerns  all  aspects  of  type  of  photo¬ 
graphic  environment,  to  the  care,  handling,  processing,  and  storage 
of  the  emulsion  and  plate; 

c)  the  optical  aspects,  which  concern  the  actual  glass 
which  makes  up  the  lens  itself  and  tie  in  with  the  photometric 
characteristics; 

d)  the  mechanical  aspects,  which  concern  the  shutter, 
operation  and  vibration,  and  the  camera  mounting  technique  and 
stability; 

e)  the  electronic  aspects  which  concern  the  timing  re¬ 
quirements  of  the  system,  the  delays  of  the  timing  Impulses  between 
central  Control  and  the  camera  station.  All  of  these;  photogram- 
metric,  photometric,  optical,  mechanical,  and  electronic,  have 
been  investigated  from  a  calibration  standpoint,  because  of  the 
higher  geometric  quality  now  required  of  the  Ballistic  Camera 
System. 

Restrictions 

Because  of  the  late  delivery  for  operational  use  of  Uie  BC- 
600  and  BC-1000  cameras,  the  BACAR  Phase  I  effort  was  primarily 
directed  to  the  Wild  BC-t  type  cameras.  The  Vero  Beach  BC-$00, 
however,  was  evaluated  because  of  its  planned  use  with  the  MISTRAM 
calibration . 


Section  II  -  Summary  of  Results 

This  section  summarizes  the  results  and  conclusions  of  the 
BACAR  Committee’s  work  during  the  period  1  November  1961  to  1 
July  1962. 

A.  Acquisition  Instrumentation 

1.  Camera  and  Associated  Equipment 
a.  Training 

Engineering  and  Shops  personnel  received  factory- 
type  training  on  the  wild  BC-4  cameras  which  have 
focal  lengths  of  115,  210  and  310  mm,  and  the  Wild 
Goniometer.  Prom  this  training.  Information  was 
collected  for  the  preparation  of  a  complete  opera¬ 
tions,  maintenance  and  overhaul  manual. 
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Calibration  procedures  were  developed  from  the 
training  course. 

Goniometer 

During  the  training  oourse  It  was  learned  that  Wild 
produces  a  new  model  goniometer  which  eliminates  many 
deficiencies  In  their  first  model.  The  hew  gonio¬ 
meter  provides  greater  accuracy,  performs  some 
measurements  beyond  the  capability  of  the  old  gonio¬ 
meter  and  permits  quicker  set-up  for  tests,  thus 
saving  many  hours  of  set-up  time  for  each  camera. 

vibration  and  Stability 

Preliminary  results  of  a  study  of  Wild  BC-^  cameras 
and  camera  pedestals  Indicated  a  need  to  evaluate 
the  significance  of  camera  vibration  smd  pedestal 
stability  on  the  geometric  quality  of  the  data. 

(1)  Tilt  Angle  Transducers  A  tilt  angle  transducer 
was  procured  for  pedestal  stability  tests. 

(2)  vibration  Measuring  and  Recording  Equipment: 

New  Items  were  procured  and  other  items  modified 
for  these  specialized  prablems.  A  special  pulse- 
operated  camera  recornilng  system  was  made  up 
from  surplus  equipment. 

In  measuring  the  performance  of  the  Ballistic  Cameras, 
oscillations  of  the  optical  axis  were  found  of  a 
comparatively  high  frequency  (18-20  cps).  These 
oscillations  were  caused  by  shutter  vibration,  motor 
vibration,  and  wind  disturbances.  A  second  type  of 
axis  motion  was  encountered  wherein  the  camera  shifted 
Its  elevation  axis  in  response  to  the  shock  transmit¬ 
ted  to  the  elevation  assembly  by  the  action  of  the 
shutter.  Such  a  shift  Introduced  a  constant  bias. 

Wind  screens  are  being  designed  to  eliminate  vibra¬ 
tion  from  wind  disturbances.  The  camera  mounting 
is  being  modified  to  reduce  elevation  axis  shifting. 

Camera  Calibration 

The  geometric  quality  of  the  BC-210  and  BC-300 
cameras  was  Inadequate  for  MISTRAM  prior  to  the  BACAR 
program.  Even  though  the  best  geometric  quality  ob¬ 
tainable  from  the  cameras,  when  In  peak  operating 
condition,  may  be  short  of  that  necessary  to  evaluate 
and  calibrate  MISTRAM,  these  are  the  best  available 
equipments  for  this  task.  It  was  necessary  to  over¬ 
haul  seven  BC-300  and  four  BC-210  cameras  before  they 
could  be  calibrated,  it  was  necessary  to  flne-adJust 
all  components  to  minimize  or  eliminate  systematic 
errors  and  to  calibrate  the  remaining  systematic  errors. 
Techniques  were  devised  to:  provide  the  best  over-all 
results  for  the  entire  photographic  plate  area; 
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Ir.provo  v  ;  ;v-.i3  'i '.n  flduciais  for  greater 

precision;  .nlVon  rhe  rrJv.cjnl;'  axis  to  the  camera 
ficluciaLS  piotv  s't'p'.  Is-'!.  ,  ;-.:are  the  focal  plane  with 

the  prlnclpli'  n:;ir  .  s  wore  designed  and  fabri¬ 

cated  to  achieve;  tliia  caMliratlon.  The  calibration 
data  were  pv.bll.sned.  The  remaining  BC-210  and  BC-115 
cameras  will  be  ovei-’hau’ed  and  calibrated. 

BC-600  Cameras 

Two  BC-6,00  cameras  wer«=.  analyzed  In  the  Optics 
Laboratory  and  tested  for  maximum  resolution.  Analysis 
of  the  focal  plane  settln;?  was  made  In  order  to  evalu¬ 
ate  factor^'  data.  Two  oamc;ras  have  been  installed  on 
the  Range. 

e.  Optical  Laboratory  Collimator 

A  precis Ion -type  flash  unit  was  procured  Installed 
and  evaluated.  The  results  of  subsequent  tests  have 
shown  great  accuracy  and  high  resolution.  The  uni¬ 
formity  of  exposure  across  the  field  is' excellent. 

2.  Timing  and  Asscciatod  Equipment 

a.  Rhotcmultlrl ier 

prior  to  the  BACAR  program,  an  improved  photomulti¬ 
plier  was  belr,.':  developed  because: 

(1)  renue‘.'ts  for  a  rcV’.ablc  ehotomultlpller  (the 
old  units  ate  sc  •.t.reliable  that  four  units 
might  be  used  to  ir.svre  collecting  data); 

(2)  request,  for  better  .rdality  data  for  greater  ac¬ 
curacy  and  ear.e  of  data  redudtlon; 

(3)  requirements  for  accuracy  of  O.OOOlsecond. 

The  BACAR  program  priority  accelerated  the  develop¬ 
ment  of  a  new  photomultiplier  head.  A  prototype 
unit  was  developed,  tested  and  found  to  be  acceptable. 

A  total  of  eight  units  have  been  fabricated  and  two 
more  will  be  fabricated.  Units  have  been  success¬ 
fully  used  on  aircraft  and  live  missile  tests. 

Accuracy  is  expected  to  run  about  O.OOOlto  0.0002 
second . 

b.  Timing  Magnetic  Tare  Recorders 

The  original  tape  recorders  which  were  used  with  the 
old  photomultipliers  wore  portable,  light  weight  and 
easily  d.amaged .  Their  reliability  had  deteriorated 
with  agg  and  continuous  luindling  throughout  the  Range. 
The  a^cbracy  wor.  Inadequate  to  fulfill  the  present 
requirements.  Surplus  tone  recorders  with  sufficient 
accuracy  were  located  ar.ci  earmarked  for  use  with  the 
improved  photoniu3.tip?viors. 

A  system  which  will  r.err'vit  the  photomultiplier  tape 
to  be  used  with  TARB  III  results  in  a  32  manhour/ 
test  savings  i*  the  reduction  of  photomultiplier  data. 
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c .  Timing  Communications 

A  major  problem  in  the  communications  area  was  In 
the  area  of  measurement  of  timing  delays  and  In  ob¬ 
taining  adequate  communications  to  all  of  the 
Ballistic  Camera  sites  that  were  assigned  for  NIS- 
TRAM  checkout.  As  a  result  of  tests  It  was  concluded 
that  the  communication  system  must  be  replaced  by  a 
new  VHP  system. 

Measurements  of  time  delays  In  all  field  equipment 
have  been  satisfactorily  recorded.  Measurements 
of  time  delays  in  the  communication  links  will  be 
accomplished  upon  completion  of  the  VHP  installation. 

d.  BC  Shutter  Time  Delay 

BC  shutter  delay  measurements  were  measured  and  found 
to  be  different  for  each  camera.  The  studies  associ¬ 
ated  with  these  measurements  showed  that  the  delay 
is  varied  by  adjustment  of  the  shutter,  or  by  changing 
the  belts  on  the  shutter  drive,  procedures  were  set 
up  to  re-measure  shutter  delays  after  each  adjustment 
or  repair.  The  measured  delays  are  used  in  Data  Re¬ 
duction  to  remove  the  timing  errors. 

e.  Terminal  Timing  Unit  Time  Delay 

TTUs  Models  9605  and  36770  were  measured.  It  was 
found  that  changing  the  level  of  the  activating  tone 
burst  varied  the  delay  from  40  to  80  milliseconds. 
Relays  In  the  unit  varied  from  15  to  35  milliseconds 
in  delay  time.  As  a  result,  these  units  were  re¬ 
placed  by  modified  Dynatrenlc's  TTUs  for  all  future 
tests.  The  delay  of  these  units  Is  within  limits  of 
0.007  seconds  and  is  constant. 

B.  Photographic  Considerations 

Each  component  of  the  Ballistic  Camera  Plate  has 
certain  Important  characteristics  that  are  evaluated.  The 
final  performance  of  the  plate  is  dependent  on  the  inter¬ 
related  functions  of  Its  components.  Component  and  performance 
characteristics  for  best  AMR  use  were  defined  as  follows: 

1.  plate 

a.  Support  -  flatness,  stability 

The  i"  glass  plate  was  selected  as  a  support  to  pro¬ 
vide  the  greatest  temperature  and  humidity  stability 
available  as  a  support  for  the  light  sensitive 
emulsion.  The  plate  provides  a  coating  surface  with 
a  flatness  which  is  not  to  exceed  0.00002  In,  per 
linear  inch. 

b.  Emulsion  -  spectral  sensitivity 

The  present  emulsion  (103-P)  is  light  sensitive 
over  the  entire  visible  range.  For  routine  usage 
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there  Is  no  need  foi*  an  additional  spectral  sensi¬ 
tivity  capability.  Extension  of  the  sensitivity 
into  the  infrared  region  Is  not  needed  for  our 
general  purpose  work  and  would  tend  to  increase  the 
plate  handling  problems  due  to  the  Influence  of  heat. 
-  photographic  sensitivity  vs.  spread  function  - 
The  103-F  emulsion  is  able.,  with  }  sec.  exposure  ^uld 
good  weather  conditions,  to  record  more  stars  than 
can  be  utilized  due  to  the  star  catalog  limitations. 
This  sensitivity  is  needed  to  record  stars  of  the 
required  magnitude  under  optimum  and  unfavorable 
weather  conditions  and  is  the  logical  selection  as 
the  workhorse  of  the  Ballistic  Camera  System, 
-dimensional  stability  - 

The  Inherent  emulsion  dimensional  stability  is  es¬ 
tablished  during  the  manufacturing  process  and  this 
Inherent  stability  is  influenced  by  the  chemical  and 
physical  reactions  during  the  developing  process. 
Experiment  {local  and  Eastman  Kodak)  show  that  the 
dimensional  stability  of  emulsion  prior  to  proeeasing 
is  satisfactory. 

2.  Developing 

a,  Chemical  Process 

The  chemical  process  used  for  developing  the  exposed 
ballistic  plate  is  based  on  the  manufacturer's  recom¬ 
mendations.  Cas  burst  agitation  is  used  to  obtain 
process  uniformity.  Sensitometry,  a  controlled  ex¬ 
posure  on  photographic  material,  is  used  to  sample 
the  developing  process  to  verify  the  process  position 
and  uniformity. 

b.  Dimension  Instability 

Dimensional  instability  occurs  because  of  the  swell¬ 
ing  of  the  emulsion,  the  chemical  reactions  and  the 
shrinkage  of  the  emulsion  during  the  drying  cycle. 

The  most  critical  portion  of  this  process  occurs 
during  the  drying  stage.  It  Is  imperative  tliat  the 
emulsion  be  uniformly  dried  with  no  water  spotting. 
The  effect  of  dimensional  instability  or  emulsion 
creep  on  the  acquired  data  is  being  determined  from 
the  emulsion  creep  experiments  now  being  completed. 

3.  Storage  and  Handling 

The  vendor  has  provided  a  protective  packing  that 
protects  the  plate  from  breakage,  heat  and  high  relative 
humidity.  The  shelf-life  of  the  packaged  103-F  plate  is 
approximately  one  year  under  our  bulk  storage  conditions 
of  50*F,  505^  RH.  The  field  handling  procedures  for  bal¬ 
listic  plates  appear  to  be  adequate.  The  most  Important 
steps  are  to  be  sure  that  the  moisture  seal  is  kept  Intact 
as  long  as  possible  prior  to  use  and  the  plate  should  not  be 
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sjb.'ected  to  elevated  temperatures  (above  80°P’)  for  long 
oeriods  of  time. 

4.  Plate  performance 

a.  Receptor  capability 

The  10?-F  plate  used  In  the  Ballistic  Camera  System 
as  the  image  receptor  has  sufficient  recording  capa¬ 
bility  to  acquire  data  with  present  camera  systems 
under  the  varied  Range  conditions  of  weather  and 
flare  or  strobe  characteristics. 

b.  Image  Formation 

The  minimum  image  diameter  produced  from  a  point 
source  light  of  the  10;5-F  emulsion  is  the  limiting 
factor  for  Image  size  when  used  in  the  BC-300,  BC- 
210  and  BC-11'3  cameras,  but  the  lens  Is  the  limiting 
factor  when  the  103-p  plate  is  used  in  the  BC-600 
camera.  An  improvement  in  the  emulsion  for  imaging, 
capability  with  no  loss  in  sensitivity  would  require 
a  state-of-the-art  advancement  in  emulsion  making. 

c.  Image  Position 

The  position  of  the  recorded  image  must  not  change 
from  the  time  the  image  is  recorded  to  the  time 
the  image  position  Is  determined  by  the  plate  reader. 
This  means  the  emulsion  must  not  swell,  move  or 
shrink.  The  image  position  Instability  due  to 
emulsion  movement  of  3.7  to  4.2  microns  RMS  Is  be¬ 
coming  better  understood  through  the  emulsion  creep 
experiment.  On  completion  of  the  emulsion  creep 
experiment  we  should  know  how  to  apply  exact  cor¬ 
rections  for  the  image  position  movement. 

It  is  expected  that  use  of  a  reseau  will  allow  a  S 
to  3  micron  mean  correct ’on  to  be  applied  during 
the  data  reduction  process.  A  residual  error  of 
1.0  to  1.2  microns  will  be  left.  Further  investi¬ 
gations  will  be  made  to  find  methods  for  reducing 
the  residual  error  to  0.7  microns, 

C.  Operational  Considerations 

1.  Pedestal  stability  (MISTRAM  Required  Pedestals  only) 

Among  the  factors  found  to  affect  the  stability  of 
pedestals  are: 

a.  Differential  absorption  of  heat  from  the  sun  with 
consequent  bending  of  the  structure, 

b.  Mechanical  coupling  between  the  operator's  working 
platfonn  and  the  pedestal,  causing  the  operator’s 
movem-.’nts  to  be  transmitted  to  the  pedestal. 

c.  Exposure  of  the  pedestals  to  wind  which  disturbs 
both  camera  and  pedestal. 
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d.  possible  shifting  of  the  earth  caused  by  the  pas¬ 
sage  of  heavy  vehicles  or  tidal  shifts. 

As  a  result  of  these  findings  all  mechanical  couplings 
have  been  removed.  Three  of  the  four  concrete  pedestals 
have  been  wrapped  with  a  double  layer  of  approved  Insula¬ 
tion  ac  a  temporary  solution  to  reduce  thermal  shifts . 
Provisions  have  been  made  to  shade  all  exposed  sites  for 
at  least  two  hours  prior  to  each  test.  A  prototype  wind 
shield  has  been  designed.  Operational  procedures  have 
been  published  to  prevent  shifting  of  the  soil  baused  by 
heavy  weights  or  vehicles  during  a  test.  Land  tidal  ef¬ 
fects  are  still  being  measured  and  evaluated . 

2.  Environmental  Conditions 

In  addition  to  the  environmental  effects  described  the 
effects  of  wind  and  temperature  on  the  cameras  set  up  for 
a  test  were  studied.  Air  condition  of  existing  BC  domes 
was  found  to  be  unsatisfactory  for  several  reasons.  Pri¬ 
marily,  the  existing  systems  were  not  designed  to  handle 
the  heat  problem  without  creating  air  drafts  or  turbulence 
that  could  affect  the  quality  of  the  recorded  image,  pro- 
tot^^5e  portable  domes  have  been  designed  to  shield  the 
camera  and  pedestal  from  wind  where  the  sites  are  not 
protected  by  permanent  domes. 

3.  procedures 

Procedures  were  written  for; 

a.  Shop  calibration  of  all  Ballistic  Cameras. 

b.  Field  operation  and  maintenance  of  the  BC  systems. 

4.  personnel  (Training) 

Training  was  requested  on  all  new  Ballistic  Camera 
equipment.  Eight  men  attended  classes  and  will  train  the 
remainder  of  the  Ballistic  Camera  personnel.  Of  the  Items 
left  to  be  covered,  the  most  Important  Is  the  electronic 
system  to  be  used  with  all  cameras.  A  training  program  on 
this  subject  is  being  prepared. 

All  nersonnel  have  received  complete  training  on  the 
'■rild  BC-4  Camera  Systems.  Along  with  this,  they  have  re¬ 
ceived  training  in  Astronomy,  Meteorology,  Transistor  and 
Timing  Circuits,  Radio  Transmitter  and  Receivers.  It  was 
realized  at  the  beginning  of  the  Ballistic  Camera  System 
that  full  training  was  necessary  to  assure  good  data.  The 
person  manning  a  Wild  BC-4  site  Is  normally  operating  alone 
or  without  support  that  can  be  reached  In  reasonable  time; 
therefore,  he  must  be  capable  of  making  his  own  decisions 
based  on  his  training  and  experience. 
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D.  Data  Reduction  Considerations 

1 .  Mathematical  Error  Model  and  Statistical  Estimation 

Investigation  into  the  error  parameters  of  the  Bal- 
!  llstlc  Camera  System  revealed  that  existing  error  data  was 

not  of  sufficient  quality  needed  to  construct  a  mathematical 
model  that  would  provide  a  basis  for  meeting  the  new,  strln- 
j  gent  MISTRAM  accuracies.  The  following  specific  areas  were 

i  Inveatlgatedt 

;  a.  Plate  reading  error, 

i  b.  Random  and  systematic  emulsion  creep, 

j  c.  Random  and  systematic  accuracy  of  star  catalogs. 

;  d.  The  location  of  the  center  of  perspective  In 

j  object  space. 

'!  Computation  tools  for  performing  the  necessary  systematic 

j  error  studies  did  not  exist.  It  was,  therefore,  necessary 

1  to  develop  the  analysis  for  such  problems  as  calibration  of 

the  measuring  comparators,  calibration  of  the  systematic 
errors  of  the  emulsion  and  base,  and  Investigation  of  the 
residual  lens  distortion. 

Finally,  it  was  necessary  to  combine  all  the  analysis 
knowledge  into  the  working  data  reduction  computer  routines 
so  that  knowledge  and  correction  of  the  errors,  both 
systematic  and  random,  could  be  properly  considered.  There¬ 
fore,  analysis  for  new  programs,  and  for  revisions  to  existing 
programs  had  to  be  performed.  This  analysis  had  to  Includes 
perform  the  necessary  object  space  computation  of  the  per¬ 
spective  center;  accept  the  repeated  readings  on  the  Image 
points  and  correct  the  observations  for  1)  temperature 
fluctuations  during  the  measuring  process,  2)  for  the  com¬ 
parator  calibrations,  and  5)  for  the  systematic  errors  of 
the  emulsion  and  base. 

The  following  RCA  Technical  Memos  have  been  published 
as  a  result  of  the  BACAR  Project; . 

TM  62-2s  Computation  of  a  Mathematical  Model  to  Describe 
the  Systematic  Errors  of  a  Photographic  Emulsion 
and  Base,  G.  H.  Rosenfleld,  19  March  1962. 

TM  62-4;  A  Summary  of  a  Study  of  Star  Catalogues  and  Their 
Accuracies,  H.  K.  Elchhom,  20  March  1962. 

TM  62-5:  On  the  Relation  Between  the  Catalogued  Mean  posl- 
■  tions  of  the  stars  and  the  Coordinates  of  Their 
Photographic  images,  H.  K.  Eichhorn,  20  March  1962. 

TM  28:  Redesign  of  BC-4  Elevation  Arm  Lock,  R.  A.  Brown, 

16  November  1962. 
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The  following  RCA  Data  Processing  Technical  Reports 
have  been  published  as  a  result  of  the  BACAR  Project: 

TR  62-2:  Calibration  of  a  precision  coordinate  Compara¬ 
tor,  G.  H.  Rosenfleld 

TR  62-3s  Monitoring  Photogrammetrlc  plate  Observations, 
Q.  H.  Rosenfleld 


The  following  computer  programs  were  prepared: 


5) 

6) 
7) 
8 
9 


BAGEC,  Emulsion  Creep  Calibration 
BACSC,  Secular  Screw  Calibration  (comparator  cali¬ 
bration) 

B0MB3i  Computation  of  Standard  Deviation 

BACPE,  periodic  Error 

BACHA,  Polynomial  and  Harmonic  Analysis 

BACW,  Weave  of  the  Ways  Calibration 

BACPP,  Mlsperpendlcularity  of  the  Comparator  Axes 

BACMR,  Ballistic  Camera  Dita  Monitor 

BACDR,  Ballistic  Camera  Distortion  Calibration 

BACPO,  Double  Precision  Ballistic  Camera  position 


2,  Equipment 

The  MANN  and  Wild  Comparators  were  calibrated  for  peri¬ 
odic  error,  longer  period  lesdscrew  errors,  curvature  and 
weave  of  the  ways,  and  mlsperpendlcularity  of  the  compara¬ 
tor  axes.  These  errors  were  reduced  as  follows: 


Wild  Comparator  -  from  2.7  microns  to  1.0  mlcronsj 
Mann  Comparator  -  from  5«8  mlcr-ons  to  1.1  microns. 

3.  procedures 

Reading  errors  were  reduced  by  incorporation  of  new 
reading  techniques  to  the  range  of  0.1  to  0.5  microns.  These 
errors  are  now  computed  In  the  data  reduction  programs  and 
will  be  propagated  through  the  estimates  of  error  in  the  posi¬ 
tion  data. 

Procedures  have  been  developed  to  compensate  for  emulsion 
creep  on  a  plate -by-plate  basis  by  the  use  of  a  reseau 
grid  exposed  on  the  plate  (superimposed  with  the  star  and 
flare  Images) .  As  an  interim  procedure,  a  lens  distortion 
calibration  will  be  performed  to  absorb  these  errors  as  well 
as  refraction  errors. 

4 .  personnel 

A  rigorous  training  program  and  reading  error  tests  have 
been  Initiated  to  enable  selection  of  personnel  for  the 
reading  of  Ballistic  Camera  plates. 
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Section  III  -  Conclusion 


Tlie  results  of  the  BACAR  effort  to  date  serve  to  Indicate  the 
magnitude  and  direction  for  future  investigations.  The  major 
amount  of  future  effort  is  to  be  expended  in  reducing  those  factors 
which  were  found  to  be  limltint  the  accnjracy  of  the  Ballistic 
Camera  Systems.  Future  work  Includes  but  is  not  restricted  to: 
optimum  camera  operational  site  facilities,  a  certified  initial 
standard  of  accuracy,  sufficient  corrections  for  atmospheric  re¬ 
fraction  and  knowledge  of  refraction  anomalies,  errors  In  the 
star  cataloFues,  and  finally,  manufactured  cameras  which  approach 
the  Ideal  optical  Instrument.  Statistically  correct  and  photogram- 
metrlcally  rigorous  data  reduction  procedures  are  being  developed 
and  Implemented.  Further  applications  of  the  results  of  the  BACAR 
work  will  appear  In  future  developments  of  range  eiulpment. 

The  results  of  the  BACAR  project  will  give  better  data  for 
the  Range  User.  The  evaluation  of  the  Ballistic  Camera  System 
will  allow  reliance  on  the  range  standard  of  known  accuracy. 

The  calibration  of  the  System  will  allow  for  improving  the  ac¬ 
curacy  of  the  range  standard.  Also,  problem  areas  have  been 
pinpointed,  and  the  needs  for  future  research  indicated. 


Section  IV  -  Results  of  Ballistic  Camera  Operation  for  MISTRAM 
~  evaluation  of  October  196?. 

A  total  of  l?7  Ballistic  Camera  plates  were  evaluated  to 
determine  the  o.ierrtional  capability  of  the  Ballistic  Camera 
system  as  used  on  tho  MISTRAM  evaluation  of  October  196?.  The 
plates  were  distributed  as  follov/s; 

BC  1000-  57  plates, 

BC  600  -  8  jslates, 

BC  500  -  6?  plates. 

The  plates  were  evaluated  for  the  factors  of: 

1.  emulsion  creep;  setting  error  on  images  and  standard 
error  of  the  emulsion  calibration  adjustment.  The 
emulsion  calibration  was  performed  on  only  ?8  plates; 

2.  setting  error  on  star  images; 

3.  setting  error  on  flash  data  point  images; 

4.  standard  error  of  unit  weight  for  camera  orientation. 

Except  for  emulsion  creep,  the  data  viev&  evaluated  inde¬ 
pendently  for  each  tr-npe  of  camera  system.  No  attempt  was  .made 
to  separate  triangulation  error  into  components  for  the  indi¬ 
vidual  cameras,  or  camera  types,  since  the  present  triangulation 
routine  does  not  properly  weight  the  stations  used  in  the  ad¬ 
justment.  Because  of  the  improper  weights,  the  residuals  have 
no  valid  meaning,  for  the  individual  cameras,  A  triangulation 
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routine  with  a  more  statistically  valid  weighting  procedure 
will  shortly  be  released.  Consideration  of  the  proper  weight¬ 
ing  in  the  trlangulatlon  was  not  possible  until  all  errors  In 
the  system  had  been  recognized  and  evaluated  (results  of  the 
BACAR  effort) . 

The  following  definitions  are  used  in  the  evaluation: 

§  average  setting  error  (standard  deviation  of  one  setting) 
computed  as  the  arithmetic  average  of  the  individual  set¬ 
ting  errors  for  all  the  plates  considered. 

s  standard  deviation  of  the  individual  setting  errors  about 
the  average  value. 

SDM  standard  deviation  of  the  mean  for  the  setting  error. 

Since  the  value  of  each  measurement  is  the  average  of  4 
readings,  this  value  is  determined  by  s  divided  by  -y'JT 

the  average  standard  error  of  unit  weight  from  the  emulsion 
creep  adjustment  computed  from  the  reseau  residuals  fol¬ 
lowing  a  2nd  degree  calibration  f:it. 

s  the  average  standard  error  of  unit  weight  for  the  orlenta- 
*  tlon  adjustment  of  the  plates.  Computed  as  an  arithmetic 
average;  since  each  plate  had  sufficient  degrees  of  freedom 
for  a  satisfactory  orientation  and  is  therefore  considered 
as  a  separate  unit. 

s  the  pooled  standard  error  of  unit  weight  for  trlangulatlon 
'  of  all  Images  on  all  plates. 

N  the  number  of  plates  used  in  the  analysis. 

The  following  tabulated  results  are  presented  (all  values  are 
in  microns  unless  otherwise  indicated): 


Rmulslon  creep;  N  26 

standard  error:  1.53 

8  0.21 

reseau  images; 

setting  error:  s  2.57 

s  0.55 

SDM  1.08 
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BClOO 

BC600 

BC300 

number  of  plates 

N 

57 

8 

68 

Star  Images; 

i 

3.25 

3.63 

3.04 

setting  error; 

B 

0.64 

0.54 

0.53 

SDM 

1.86 

8.10 

1.76 

Orientation 

standard  error; 

s 

0 

5.29 

4.51 

3.68 

B 

0.61 

0.68 

0.78 

arc  sec ; 

B 

0 

1106 

1'.'50 

8':45 

pooled: 

B 

0 

4.52 

Plash  Images; 

setting  error; 

s 

4.05 

4.11 

4.13 

B 

0.65 

0.78 

0.66 

SDM 

2.34 

2.37 

2.38 

Trlangulatlon 

pooled  standard 

error; 

3 

0 

5.23 

arc  sec; 

1'.'04 

Conclusions; 

The  Ballistic  Camera  system  lends  Itself  to  oewiplete  analysis  ' 
of  the  major  sources  of  contributing  errors.  The  Individual 
major  errors  can  be  evaluated  and/or  calibrated,  and  the  geometric 
quality  of  the  reduced  data  can  be  statistically  estimated.  Thus, 
It  Is  realized,  the  least  squares  adjustment  Is  not  a  magic  pro¬ 
cedure  by  which  good  results  can  be  obtained  from  poor  data.  The 
results  cem  be.^o  better  than  the  data  entering  the  adjustment. 

It  is  therefore  Itl^ly  mandatory  that  the  best  possible  measure¬ 
ments  (lowest  Btan^'nd  deviations)  be  obtained,  and  that  all 
known  souroes  of  syste)natlc  error  In  the  data  be  eliminated. 

Thus,  In  order  to  obtain  Ballistic  Camera  data  of  high  geo¬ 
metric  (Quality  It  Is  necessary  that  proper  consideration  be  given 
to  the  data  procurement  and  data  reduction.  The  field  operation 
should  be  performed  utilizing  stable  mountings  and  pedestals, 
and  the  cameras  should  be  protected  by  atmospherically  conditioned 
shelters.  It  Is  mandatory  that  the  emulsion  be  calibrated  In 
order  to  correct  the  developed  photographic  Image  to  the  posi¬ 
tion  on  the  plate  of  the  latent  optical  Image.  The  plates  must 
be  measured  In  an  atmospherically  controlled  environment  which 
is  vibration  Isolated  from  disturbing  Influences.  An  accurate 
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method  of  recording  temperature  and  humidity  should  be  available 
during  the  measuring  process.  The  measuring  equipment  must  be 
protected  from  accumulation  of  oxidized  oil  and  settling  of  dust 
and  lint  on  the  ways,  bearing,  and  screws.  The  mathematics 
utilized  In  the  computer  processing  of  the  data  should  be  photo- 
grammetrlcally  and  statistically  correct. 


Hecommendatlonss 

1.  The  data  acquisition  and  data  processing  operations 
should  be  re-examined  to  correct  emy  existing  deficiencies. 

2.  It  Is  mandatory  that  all  sources  of  systematic  error 
be  calibrated  or  eliminated  on  all  Ballistic  Camera  plates  for 
which  data  of  high  geometric  quality  is  desired. 

3.  Selected  plates  from  the  MISTRAM  evaluation  will  be  re 
measured  and  re -reduced  with  tender  loving  care,  In  order  to 
determine  how  much  improvement  In  the  data  could  have  been 
achieved . 


Section  V  -  Editorial  Comments 

The  BACAR  effort  has  resulted  In  Ballistic  Camera  data  of 
known  and  Improved  geometric  quality.  Each  of  the  major  sources 
of  error  In  the  Ballistic  Camera  system  has  been  evaluated  emd 
where  possible  calibrated  or  eliminated  so  that  the  resulting 
data  Is  of  high  geometric  quality,  as  evidenced  by  the  low 
standard  error  of  unit  weight  resulting  from  the  least  squares  ad¬ 
justment.  The  error  budget  Indicates  that  the  cumulated  standard 
error  is  equivalent  to  the  standard  error  of  unit  weight  resulting 
from  the  least  squares  adjustment  of  the  data.  We  can  now  stats 
that  we  have  a  true  range  standard  for  evaluation  or  calibration 
of  other  range  Instrumentation. 

However,  let  us  consider  some  newer  types  of  range  Instru¬ 
mentation;  specifically,  the  electronic  trajectory  measuring  equip¬ 
ment.  These  newer  Instruments  are  manufactured  to  meet  a 
particular  design  requirement,  which  In  some  cases  calls  for  a 
higher  level  than  the  present  geometric  quality  of  the  Ballistic 
Camera  used  as  a  standard.  But  this  Is  a  design  requirement  only, 
and  does  not  automatically  Indicate  that  the  delivered  Instrument 
meets  this  design  requirement.  The  Instrument  must  be  evaluated 
against  some  existing  standard,  which  at  the  present  time  Is  the 
Ballistic  Camera  system.  If  It  Is  not  desired  to  accept  an  evalu¬ 
ation  of  electronic  equipment  against  the  Ballistic  Camera  standard, 
then  the  geometric  quality  of  the  electronic  Instrument  must  be 
established  by  an  Independent  statistical  determination  of  the 
standard  error  of  unit  weight  for  the  reduced  data.  This  inde¬ 
pendent  evaluation  must  be  performed  by  analyzing  the  various 
component  errors  of  the  equipment,  in  the  same  manner  that  has 
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been  done  for  the  Ballistic  Camera  system.  The  standard  errors 
for  each  of  the  major  components  of  the  equipment  must  be 
established,  and  it  must  be  proven  that  the  total  standard  error 
of  all  the  components  are  statistically  equivalent  to  the  standard 
error  of  unit  weight  for  the  reduced  data. 

There  is  another  Important  topic  upon  which  1  would  like  to 
comment.  This  concerns  the  different  philosophies  of  data  re¬ 
ductions  the  pure  mathematical-statistical  approach  versus  the 
techjiologleal  approach.  The  mathematical-statistical  approach 
18  based  upon  the  error  model.  It  considers  that  all  the  Instrns- 
mentatlon  problems  can  be  solved  in  the  data  reduction  process, 
if  only  a  good  enough  mathematical  error  model  can  be  formulated. 
The  technological  approach  is  based  upon  a  more  Involved  philo¬ 
sophy.  First,  that  the  instrument  system  is  designed,  manufactured 
and  adjusted  to  the  highest  possible  degree.  Second,  that  each 
contributing  error  of  the  system  is  isolated,  analyzed,  and  cor¬ 
rected  before  the  major  data  reduction  adjustment  takes  place. 
Personally,  I  am  a  proponent  of  the  technological  approach  to 
instrumentation  systems.  The  results  of  the  BACAR  effort  with 
the  Ballistic  Camera  system  indicates  the  improvements  in  geo¬ 
metric  quality  of  the  reduced  data,  and  the  advances  in  the 
state-of-the-art  of  instrumentation,  that  can  be  obtained  by 
following  this  technological  philosophy.  In  summation,  and  in 
support,  I  should  like  to  quote  from  Hald,  "Statistical  Theory 
with  Engineering  Applications,"  John  Wiley  and  Sons,  New  York, 

1955,  pg.  758: 

"The  formulation  of  a  mathematical -statistical  model  which  gives 
a  satisfactory  description  of  the  data,  is  not  in  principle  a 
statistical  task,  but  belongs  within  the  professional  subject 
from  which  the  observations  have  been  derived,  in  practical  work, 
however,  we  often  find  that  professional  knowledge  Is  so  small 
that  it  is  not  possible  to  formulate  a  proper  (theoretical)  model, 
i.e.,  a  description  based  on  general  laws  regarding  the  process 
which  las  generated  the  observations.  In  such  cases  the  speci¬ 
fication  becomes  merely  a  phenomenological  description,  i.e,, 
a  purely  empirical  description  of  the  observed  phenomenon  with¬ 
out  any  attempt  at  linking  this  description  up  with  theoretical 
reasoning  based  on  professional  knowledge. 

"...  It  should,  however,  be  born  in  mind  that  In  the  long 
run  it  does  not  pay  to  be  satisfied  with  a  phenomenological  de¬ 
scription;  this  should  be  resorted  to  only  when  all  attempts  at 
giving  a  theoretical  description  have  proved  Impractical." 
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INTRODUCTION 


potentially 

MISTRAM  la  on*  of  the  lateet  and  /hoat  acsurat*  el*otroale  traeklag  aystHW  to 
b«  acquired  by  the  Atlantic  Mlaaile  RanRe>  The  SjretwB  viaa  deeigntd  and  built 
by  the  General  IHectric  Company.  Two  aystena  have  been  inatalledt  eae  at 
Valkaria,  Florida  about  thirty  niles  aouth  of  Cape  Canaveral  and  one  at  Eleu* 
there,  about  3  SO  miles  down  range. 

Thla  paper  ia  devoted  to  a  general  deaeription  of  the  KXdXRAM  ayatomt  a  more 
detailed  deaorlption  of  the  Preoiaion  Measuring  Sub>Systtfl,  an  outline  of 
the  data  reduotlon  process  and  a  dlaeuasion  of  the  aeeuraey  perfermanea  of 
the  system. 

GHfEBAL  DESCRIPTION 

She  phyaleal  deaeription  of  the  aystem  is  taken  directly  from  one  or  mere  of 
the  doouieats  published  by  the  General  saoetrio  Company  and  enumerated  aa 
refarenees. 

A,  The  seven  (7)  Subsystems  of  NISTRAM  as  shown  in  Figure  1 

The  Kistram  System  is  oompoaed  of  eight  major  portal  seven  aubeystene  and 
a  systems  components  group.  They  are  as  fellows i 

1.  Precision  Measuring  Subsystem  (PMSS) 

The  PMSS  is  an  X-band  o-w  radar  that  uses  interferometer  teohniques 
to  measure  the  position  of  a  vehicle. 

2.  Airborne  'A'ansponder  Subsystem 

The  Airborne  Transjponder  Subsystem  oonsista  of  a  transpondert  a  filter, 
and  suitable  antennaa,  all  of  which  are  aboard  the  vehicle.  The  air¬ 
borne  tranaponder  receives,  amplifies,  frequeney-effaeta,  and  re-trana- 
mits  the  two  c»w  X-band  signals  from  the  central  station  with  a  very 
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Figure  1 


la*  tmeerriilE^y  it  the  jteese  shift  betvsen  the  received  end  trwsBitted 
frequencies. 

3.  Aequisition  and  Tracking  Subsystem 

The  Acquisition  and  Tracking  Subsystem  acquires  the  tremsponder  and 
automatically  tracks  the  incoming  signal  in  aslmuth,  elevationi  and 
polarisation.  'Hie  ATSS  antenna  supplies  pointing  information  to  the 
central  FMSS  antenna  and  to  the  Analog  Computer  Subayaten*  The  ATSS 
antenna  is  used  as  the  transmitting  antenna  for  the  FMSS  as  well  as  tke 
receiving  antenna  for  the  ATSS. 

4.  Analog  Computer  Subsystem 

The  Analog  Computer  Subsystem  directs  the  four  remote  receiving  antennas 
of  the  Precision  Measurement  Subsystem.  Kormally,  it  obtains  the  angle 
data  of  the  ATSS  antenna  and  the  target  range  from  the  IMSS.  This 
information  then  is  transmitted  to  each  of  the  receiving  antennas  by 
the  Data  Multiplex  Subsystem  and  the  Communication  link  Subsystem 
where  oorreetlon  for  parallax  Is  inserted.  It  also  has  the  eapability 
of  receiving  slaving  data  from  the  range,  oorreoting  for  parallax, 
and  directing  the  transmitting  antenna.  In  addition,  slaving  data  can 
be  supplied  to  the  range. 

3.  Data  Transmission  and  Recording  Subsystem 

The  Data  Transmission  and  Recording  Subsystem  includes  the  necessary 
equipment  for  encoding  the  five  primary  data  words  generated  by  the 
FMSS,  the  three  words  generated  by  the  data  multiplex  equipment  in 
response  to  input  signals  from  a  refraetemeter  at  each  station,  and 
the  time  codes  generated  in  the  FMSS;  this  data  is  encoded  into  a  form 
suitable  for  trtmsmitting  over  the  R-F  Communication  Link  Subsystem 
to  Gape  Canaveral.  In  addition,  this  subsystem  provides  for  the 
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decoding  of  the  signals  in  a  form  suitable  for  insertion  into  the  IBH 
7094  real  time  computer  located  at  Cape  Canaveral  and  provides  a 
capability  for  recording  these  signals  for  later  playback  for  poat- 
fll^t  data  reduction. 

6.  S-F  Communication  Link  Subaystem 

Hie  Communication  Link  Subsystem  consists  of  the  following  two  major 
groups : 

(1)  Baseline  communication  group,  a  microwave  system  which  coBtainn 
the  necessary  equipment  for  transmitting  all  signals  bet%(sen  the  central 
station  and  the  100,000  foot  stations,  with  the  exception  of  those 
coherent  signals  transmitted  within  the  FMSS  link. 

(2)  External  Communication  group,  a  microwave  link  which  con  tains 

the  necessary  equipment  for  transmitting  all  signals  between  the  central 
station  and  Cape  Canaveral,  including  the  special  Data  Transmission  and 
Beoording  Subsystem  signals  and  the  timing  synchronleatlon, 

7.  Data  Multiplex  Subsystem 

Hie  Data  Multiplex  Subsystem  is  used  for  encoding  and  decoding,  in 
the  correct  format,  data  required  for  transmission  between  the  central 
station  and  the  100,000  foot,  remote  stations  via  the  baseline  coomuni* 
cation  link,  and  for  data  required  for  transmission  between  the  central 
station  and  the  10,000  foot  remote  stations  via  wire  lines. 

In  addition  to  the  seven  subsystems  there  is  a  Systems  Components  Group 
Which  includes  all  the  miscellaneous  equipment  required  for  proper  operation 
of  the  subsystems  described  in  1  through  7.  It  includes  the  intercoammioation 
equipment,  real  time  ref rac tome ters,  optical  tracker,  power  equipment  for 
primary  power  generation  and  transmission,  and  installation  material  that  is 

not  supplied  as  a  part  of  any  of  the  above  subsystems  or  as  part  of  the 
facllitlee. 
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B«  l«catlon  of  the  Equipment  (Figure  3) 

i  Ihe  major  elements  of  MISTKAM  are  arranged  la  an  L-shaped  configu¬ 

ration  of  a  eentral  station  and  four  remote  stations  spaced  along  10,000 
foot  and  100,000  foot  baselines,  lliree  microwave  antenna  towers  are 
located,  one  each,  near  the  corner  and  two  extremities  of  the  configura¬ 
tion.  Ideally,  the  baselines  subtend  an  angle  of  exactly  90^  and  the 
remote  stations  are  located  on  these  baselines  10,000  feat  and  100,000 
feet  from  th,:  eentral  station.  In  practice,  however,  the  relative  posl- 

j  tions  of  the  stations  with  respect  to  each  other  are  not  critical  as  long 

) 

‘  as  the  distances  and  angles  are  known  to  extreme  accuracy. 

Ihe  central  station  equipment  Includes  the  ATSS  tracking  antenna  and 
receiver,  the  IVSd  transmitter  and  receiving  antenna,  ten  receivers, 
data  extraction  circuits,  communication  and  recording  equipment,  refrae- 
tometer,  optical  tracker,  simulator,  operator  and  coordinator  consoles 
plxis  miscellaneous  power  equipment  and  normal  utilities.  Of  the  tea 
receivers  at  the  eentral  station,  one  is  used  for  beacon  signala  arriving 
direct  from  the  vehicle,  five  for  return  signals  arriving  via  the  eentral 
station  and  four  remote  stations,  and  four  are  used  for  phase  stabilisa¬ 
tion  purposes. 

Each  remote  station  houses  a  simple  receiving  antenna  slaved  to  the 
eentral  station  FMSS  antenna,  a  receiver  for  beacon  signals,  a  receiver 
for  phase  stabilisation  purposes,  a  refractometer,  eonntmloatien  equip¬ 
ment,  power  supplies  and  normal  utilities.  Die  receivers  at  the  remote 
stations  and  those  at  the  eentral  station  are  nearly  identical. 

I  Ccmatunleatlon  between  the  central  station  and  the  four  remote  stations 
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Is  accomplisheci  via  wavei^ide  over  the  10,000  foot  baselines  an  '  via 
microwave  link  over  the  100,000  foot  baselines.  Conmunication  between 
the  central  station  and  Capo  Canaveral  .and  Patrick  Air  Force  Base  is  by 
microwave  relay, 

The  MISTi^AM  central  station  is  located  .approximately  JO  miles  south 
of  Cape  C  inaveral,  One  baseline  extends  approximately  twenty  miles  in 
a  western  direction  from  the  central  station  and  the  other  baseline 
approximately  twenty  miles  south  from  the  central  station. 

Theory  of  Operation 

1.  General 

Position  of  a  vehicle  is  determined  by  trlanj^ulation  techniques 
involving  measurements  of  range  and  range  differences.  Velocity  of 
the  vehicle  is  determined  by  comparing  the  rates  at  which  range  and 
range  difference  measurements  are  changing.  The  trajectory  data 
available  from  HIoTSAI-i  are  one  range  and  four  range  differences. 

2.  Position  Jetemin.atloa 

as  shown  in  Figure  3 

Position  is  determined  Kange  is  measured 

from  the  central  station  by  measuring  the  time  required  for  radar 
signals  to  travel  from  the  central  station  to  the  transponder  in  the 
vehicle  and  back  to  the  central  station.  From  this  measurement  the 
range  of  the  vehicle  from  the  central  station  can  be  computed  but  Its 
angular  position  relative  to  the  station  is  not  defined.  It  will  be 
known  only  that  the  vehicle  lies  on  the  surface  of  an  imaginary  hemi¬ 
sphere  whose  center  lies  at  the  central  station  and  whose  radius  is 
equal  to  the  range. 

At  the  Instant  of  the  above  measurement,  the  difference  in  distance 
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between  the  v  hide  and  the  centril  station,  and  between  the  vehicle 
and  one  of  fU3f’iAK'r>  10,000  foot  remote  stations,  is  measured  to 
obtain  a  rantTo  dlfferenee.  From  this  difference  measurement  it  is 
known  that  the  vehicle,  regardless  of  its  range  from  either  station, 
must  lie  on  the  surface  of  an  imaginary  hyperboloid  whose  axis  posses 
through  both  stations. 

At  this  same  instant,  the  difference  in  distance  between  the  vehicle 
and  the  central  station,  and  between  the  vehicle  and  the  other  10,000 
foot  remote  station,  is  measured  to  obtain  a  second  range  difference. 
From  this  second  difference  measurement  it  is  known,  as  before,  that 
the  vehicle  must  lie  on  the  surface  of  another  hyperboloid  whose  axis 
passes  through  the  central  station  and  this  second  remote  station. 

It  is  now  known  that  the  vehicle  lies  on  the  surface  of  both  hyper¬ 
boloids  and  the  hyperboloids  intersect  in  space,  consequently,  the 
vehicle  will  lie  somewhere  along  this  line  of  intersection,  oince 
the  vehicle's  range  from  the  central  station  describes  a  hemisphere, 
the  intersection  of  this  henispliere  with  the  above  hyperbolic  inter¬ 
section  is  a  point  which  defines  the  vehicle'e  position  in  space 
relative  to  the  ground  stations. 

3.  Velocity  ^determination 

Velocity  is  determined  in  the  MI3TkAM  system  by  comparing  the  rates 
at  which  the  range  and  four  range  differences  are  changing,  fiange 
rate  is  extracted  from  the  central  station  range  measurement  while 
range  difference  rates  are  extracted  from  the  four  range  differences 
as  measured  between  the  central  station  and  each  of  the  four  remote 
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m2  PRSCISION  MaSUHIKG  iSUBSYSTOI 


A,  Two  Cfaannel  Concept 

The  detailed  operation  of  the  MISXKAM  syatem  la  very  eciaplex;  only  the 
baale  principles  upon  which  the  system  is  designed  will  be  discussed  in 
this  paper.  Comprehensive  descriptions  of  the  circuitry  can  be  found  in 
the  documents  published  by  the  General  Klee trie  Company  some  of  which  are 
enumerated  in  the  references. 

For  pur; of  explanation  it  is  sometimes  convenient  to  consider  MISTBAM 
as  consisting  of  two  separate  channels!  (a)  a  continuous  channel  and  (b) 
a  calibrate  channel.  Since  the  calibrate  and  eontinuoua  channel  signals 
are  separate  (oMcept  for  phase  reference  circuits)  from  the  time  they 
leave  the  transmitter  until  they  enter  the  data  extraction  oireuits.  the 
MISTRAK  system  behaves  much  like  two  e-w  radar  systems  operating  simul¬ 
taneously.  Consider  first  the  fundamental  behavior  of  the  continuous 
channel. 

1.  Operation  of  the  continuous  channel. 

The  Continuous  channel  consists  of  electronic  equipment  designed  to 
utilize  the  Doppler  effect  to  produce  range-type  measurements.  Tht 
M13XRAM  transmitter  emits  a  continuous  X-band  signal  of  8,148  mega¬ 
cycles  which  is  received  by  the  mior.lle  transponder,  offset  by  68 
megacycles  and  retransmitted  to  the  ground  receiver,  nic  outputs 
of  the  ground  transmitter  and  groun  t  receiver  are  compared  in  phase 
and  the  phase  difference  produced  by  the  Doppler  effect  is  digitized 
and  read  out. 

The  continuous  channel  provides  coarse  and  fine  range  data  tdiicfa  is 

calibrated  by  the  calibrate  channel  as  well  as  fine  rate  data  which 
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Is  not  callbratod.  ‘Qte  coarse  range  data  are  aeourat*  to  64  feet; 
the  fine  range  datst  to  0.12  foot,  nie  least  significant  bit  in  the 
fine  rate  data  is  0.004  foot  and  it  is  not  calibrated. 


Ihe  continuous  channel,  therefore,  utilises  the  Doppler  principle  to 
provide  range  and  range  difference  data  the  validity  of  tdiicb  mat  be 
detemlned  by  conparlson  to  other  Independent  neasurements  of  the 
sane  quantities.  Ihese  are  made  by  the  calibrate  channel  which  is 
deseribed  next. 

2.  Operation  of  the  Calibrate  Channel 

The  calibrate  channel  is  designed  around  a  pre-determlned  rttal  change 
in  frequency  of  a  continuous  wave  signal.  A  Counter  records  the  nuiber 
of  cycles  change  between  the  received  and  trananitted  sipial. 

Ihe  principle  is  illustrated  in 

Consider  the  following  sequence  of  events: 

TPffl  EVENT 

T^  The  ground  transmitter  is  radiating  a  signal  of 

frequenoy  f^  and  the  ground  receiver  is  tuned  to  fre- 
quency  fj. 

T^  The  ground  transmitter  changes  frequency  and  radiates 

a  signal  of  frequency  f^. 

The  transponder  receives  frequenoy  f^  and  re-radiates 
a  signal  of  the  same  frequency. 

The  ground  receiver  receives  the  new  frequency  f^ 
and  hence  realises  the  ground  transmitter  has  shifted 
frequency. 
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Fleure  U 


]>ie  area  in'licated  by  A  is  given  by  the  following  expreaslons 
A(area)  =  <f2“fj,3  (T^-T^)  cycles 

the  time  interval  ia  the  round  trip  transit  time  of  the 

ground-radiated  signal  and  is  represented  by  ^  ,  If  the  speed  of 
propagation  is  taken  to  be  that  of  the  speed  of  light,  the  follow¬ 
ing  expression  can  be  written  relating  the  area  A,  the  change  in 
frequency  A  f  (a  f^-fj^),  the  round  trip  transit  time  X*  (*TI^*T|), 
and  range,  K: 


and 


R« 


ck 

TSJ 


nie  calibrate  channel  of  the  HISTSAM  system  provides  circuitry  to 
measure  the  area  A  and  record  it  in  cycles  in  a  counter;  it  also 
provides  an  oscillator  and  sweep  generator  to  produce  a  change  in 
frequency,  Af  ,  of  exactly  eight  megacycles,  'fbe  Calibrate  channel, 
therefore,  furnishes  an  unambiguous  determination  of  range. 


Die  actual  implementation  of  this  principle  involves  the  generation 
and  transmission  of  a  continuous  X-band  signal  which  is  swept  between 
7,S92  and  7,884  megacycles,  the  eight  megacycle  change  in  frequency 
just  described.  A  sweep  change  frequency  is  actually  used  instead  of 
the  abrupt  change  illustrated  in  Figure  4.  Counting  the  cycles  pro¬ 
duced  in  the  calibrate  channel  of  the  receivers  during  the  8  mega¬ 
cycle  sweep  of  the  X-band  calibration  signal  provides  an  unambiguous 
range  measurement  to  an  accuracy  of  one  vsvslength  at  8  megacycles  or 
about  64  feet  in  the  coarse-range  calibration  data  Counter.  Die 
continuous  channel  rsmge  measurement,  however,  is  made  with  w  accuracy 
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of  on*  cycle  of  an  x>band  frequency  which  is  approximately 
0.12B  feet«  Initialising  and  checking  the  eentlnueuB>rangs 
raading  to  this  degree  of  accuracy  is  accomplished  by  measur* 
ing  the  phase  shift  of  the  256  megacycle  beat  frequency  which 
exists  between  the  X'-band  signals  in  the  continuous  and  oali> 
brate  channels  at  one  end  of  the  sweep.  Measurement  of  ewary 
22.5  degrees  of  phase  shift  at  256  megacycles  provides  the 
required  accuracy  of  0.128  feet. 

B.  PRIMCIPIE  OF  BASELIME  STABILIZATION 

One  of  the  features  of  the  HISTRAM  system  not  common  to 

other  interferometer  systems  on  the  range  is  the  automatic 

compensation  of  phase-shift  produced  by  the  transit  time  of 

signals  traveling  from  the  outlying  sites  to  the  central 

Figure  5 

site.  The  principle  is  Illustrated  in  •  The 

wave  emitted  by  the  transponder  is  detected  in  the  Central 
receiver  R«  and  carries  on  it  the  phase  information 
representing  the  transit  time.  The  sane  wave  is  detected 
by  an  outlying  receiver  R^  and  carries  on  it  the  phase  in¬ 
formation  4i  representing  the  transit  tine  to  the  outlying 
site.  To  make  a  phase  comparison  this  signal  must  be  for¬ 
warded  to  the  Central  site  and  )ther*for*| incurs  a  phase 
shift  6  representing  the  transit  tine  from  the  remote  to  the 
Central  site. 

The  method  of  removing  this  unwanted  phase  shift  consists  of 
four  steps: 
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1.  Transmit  the  signal  received  at  the  Central  site  to 
the  remote  site  and  return  iti  This  signal  now  has 
superimposed  upon  it  twice  the  phase  shift  of  the  one¬ 
way  trip. 

3.  At  the  Central  site,  subtract  from  the  returned  signal 
[1024  (Mtt^at25  )]  the  signal  from  the  remote  site 
[1024  (Ut  t  +  t^)]  to  yield  [1024  (♦o“tl+6l)3. 

3.  At  the  Central  site,  subtract  from  the  signal  received 

at  the  Central  site  [1024  (wt  t  ]  the  signal  received 
at  the  outlying  site  [1024  (k)t  +  +  6,)]  to  yield 

[1024 

4,  At  the  Central  site,  add  the  two  signals  generated  in 
steps  2  and  3; 

[1024  (♦o-h* 

The  baseline  phase  shift  has,  therefore,  been  eliminated* 

GENERAL  DESCRIPTION  OF  THE  DATA  REDUCTION  PROCESS  Figure  6 

The  Histram  system  at  Valkaria  transn-'ts  via  a  microwave  relay  link 
the  tracking  Information  produced  by  the  Precision  Measuring  Sub¬ 
system.  This  is  received  by  antennas  on  top  of  the  Technical 
Laboratory  located  at  Patrick  Air  Force  Base.  The  data  are  relayed 
to  the  Cape  by  another  microwave  relay  link  and  also  recorded  on 
?  729  low  density  tape  to  produce  another  raw  data  tape.  This 
tape  provides  the  input  data  to  the  IBM  7090  computer  and  is  opera¬ 
ted  on  by  two  programs  CHTMA  1  and  HTMC  )  which  convert  the  raw 
data  from  counts  to  feet,  apply  corrections  and  transform 
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thtt  HISTRAH  paraneters  into  X,  Y,  Z  Coordinates!  More  detailed 
descriptions  of  these  two  programs  taken  from  the  program  de¬ 
scription  documents  are  as  follows: 

Mf/M-l: 

"The  purpose  of  this  program  Is  to  process  data  from  raw 
MISTRAH  tapes.  Each  tape  record  consists  of  data  quantities 
packed  into  an  eight-word  record  as  specified  in  the  mathe¬ 
matics  section.  This  program  unpacks  and  processes  these 
quantities.  Range  and  range  differences  are  converted  from 
binary  Integers  to  scaled  floating  point  values  in  double 
precision.  Time  is  converted  to  seconds  as  either  generated 
time  with  Increments  of  ,05  seconds  or  raw  time.  First, 
second,  and  variate  differences  are  computed  for  range  and 
range  differences.  Refractive  index  data  is  converted  to 
floating  point  values  In  single  preclslen. 

Three  channels  of  output  are  provided. 

(1)  Tine,  range,  range  differences,  refractive  Indexes  to 
floating  binary  tape. 

(2)  Time,  range,  range  differences,  1st  and  2nd  differences, 
refractive  Indexes,  and  variate  differences  to  CD  tape. 

(3)  One  file  of  the  raw  MISTRAH  input  is  copies  on  an  output 
tape  as  an  optional  feature, 

NTHS-H 

"This  program  accepts  as  input  a  binary  tape  written  by  flTM-1 
containing  the  basic  Mlstram  output,  R,Pj^,  ,  and  Qp,  in 
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double  precision  floating  point  along  with  tinti  flags, 

refractometer  readings,  signal  strength,  and  spares. 

Corrections  found  to  be  necessary  through  editing  are  read 
from  cards  and  applied.  All  internal  system  time  delays 
are  corrected  by  the  program  according  to  the  error  model 
provided  by  the  manufacturer  relative  to  such  delays.  The 
program  computes  and  applies  a  refraction  correction  to  eaeh 
basic  measurement.  This  correction  accounts  for  the  apparent 
bending  and  shortening  of  the  actual  ray  path  due  to  an 
index  of  refraction  profile  described  by  a  set  of  points  con¬ 
nected  by  an  exponential  through  eaeh  two  points  and  asymptotic 
to  unity.  The  set  of  points  mentioned  is  the  profile  read 
from  cards. 

The  output  contains  fully  corrected  R,  P|  ,  i),  ,  Pf,  ,  and  Qj 

data  (in  feet)  in  double  precision  floating  point  fora  at  well 
as  the  indicated  cartesian  data  from  the  lOK  ft.  and  lOOK  ft. 
baseline  systems.  Also/t*  ">•  ^  data  from  eaeh  system  is 
produced  for  use  as  input  into  an  AZAR4  like  program  or  into 
the  existing  quick-look  programs. 

"This  program  la  specifically  designed  for  use  in  the  Initial 
Hlstram  evaluation  program  and  operates  almost  ccmplately 
with  double  precision  arithmetic  in  order  to  insure  against 
loss  of  precision." 
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THE  ACCURACY  EVALUATIOK  OF  THE  HISTRAM  SYSTEM 


A.  Th«  Design  Performance 

Before  proceeding  to  the  discussion  of  the  observed  per¬ 
formance  of  the  Mlstran  System,  the  expected  design  perform¬ 
ance  will  be  reviewed. 

The  General  Electric  Company  conducted  an  intensive  error 
analysis  study  on  the  Histram  System  and  published  their 
results  in  19S9  in  a  five-volume  report.  At  that  time, 
the  five  Histram  parameters  were  expected  to  be  measured 
with  the  accuracy  shown  in  ^  ,  These  numbers  in¬ 

cluded  propagation  effects,  but  specifically  excluded  the 
uncertainty  in  the  free-space  speed  of  light.  They  were 
based  upon  a  data  recording  rate  of  twenty  points  per  second 
and  a  smoothing  time  of  1/2  second.  These  error  estimates 
were  the  result  of  combining  equipment  errors,  referencing 
errors,  propagation  errors,  and  survey  errors. 

rurther  studies  were  conducted  by  the  Oeneral  Electric 

Company  and,  in  July  of  1962,  the  results  of  additional 

study  were  published  with  an  error  budget  illustrated  in 
Table  2 

These  errors  were  then  propagated  into  the  trajec- 
de fined  Table  3 

tory  in  ,  a  nominal  trajectory  of  a  liquid 

fuel  missile.  Tor  this  particular  trajectory,  the  errors 

produced  by  the  uncertainties  in  the  speed  of  light  and 

Table  1* 

refraction  were  computed  and  are  shown  in  . 
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PREDICTED  tllSTRAM  OTAMOARD  ERRCmS,  1958 
OSNBUL  BLSCTRIC  OOHPAHT 
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A 
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-  o.oa  foor/sicoiiD 
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A 
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A 

OL  -  0.003  FOOT/SXOOIfD 
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01  -  0.003  F00T/810(»n> 


XKa.U0K8:  PROPAOATXON,  ZERO-RXFERWCXNG,  KJtJIPlfWT 
AND  SURVnr  ERRORS. 

EXCLUDES:  VNCERTAINTT  XN  FRBB-SPACE  SPEED  OF  LIOVT. 


Table  1 


ERROR  BUDGET  FOR  VALKARIA  MISTRAM  SYSTEM 
PREPARED  BY 

THE  GENERAL  ELECTRIC  COMPANY 
JULY,  1962 


Survey  Errors 

a)  external  angles 

b)  internal  angles 

c)  lOK  baselines 

d)  lOOK  baselines 

e)  external  lengths 


one  sigma  error 
1.48  sec  of  arc 

1.04  see  of  arc 

1.48  ppm 

2.96  ppm 

2.96  ppm 


4R  =  RAt 
Timing  Errors  a.p  s  ^At 

AQ  s  OAt 

Speed  of  Light  Errors 

AR  =  s 

c 

Aft  s  * 


AR  »  A  t 
Af  =  ^  At 

AC)  *  ?5At 

where  At  *  ♦  5  microseconds 

.667  X  10"®(R>  ft. 

.667  X  10-®(R)  ft/sec 


MISTRAM  Error  df(R)  *  .4  ft  <r(R)  =  .02  ft/sec 

Q^)  =  .03  ft  Qj)  =  .001  ft/sec 

<f(P2*  Q2^  -  *3  ft/see 

Refraction  Errors 

Refraction  errors  are  interpolated  from  graphs 
of  range  error  vs.  apparent  range  for  various 
target  altitudes. 


TABLE  2 
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NOMINAL  TRAJECTORY  OF  A  LIQUID  FUELED  MISSILE 
GENERAL  ELECTRIC  COMPANY 

TRAJECTORY  (REFERENCED  TO  MISTRAM) 

X  -  east  y  -  north  z  -  normal  to  spheroid 


POINT 

Coordinate 

Position 

Velocity 

1. 

X 

8501.3 

602.358 

y 

199867,75 

-180.623 

z 

28568.3 

1111.7906 

2. 

X 

69688.7 

2791.290 

y 

181028.36 

-867.3304 

z 

91970.6 

2120.4505 

3. 

X 

409310.1 

7821.070 

y 

74038.01 

-2478.7114 

z 

275831.5 

3383.0281 

4, 

X 

972954.6 

11183.098 

y 

-133870.24 

-4793.9729 

z 

468030.7 

2941.3943 

5. 

X 

1807397.3 

17490.518 

y 

-537091.89 

-9179.3539 

z 

626431.3 

2295.7690 

6. 

X 

3154516.5 

20625.795 

y 

1267683.34 

-11302.856 

z 

726596.6 

663.2224 

TABLE  3 
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ERRORS  CAUSED  BY  REPRACTION  AND  SPEED  OF  LIGHT 
PREPARED  BY 

THE  GENERAL  ELECTRIC  COMPANY 
.  JULY,  1962 

REFRACTION  ERRORS 
IN  FEET 


POINT 

R 

Pi 

Ql 

P2 

Q2  ft 

^1 

h 

1. 

.787 

1.14 

1.16 

1.31 

1.48  - 

- 

- 

- 

- 

2. 

.3 

.424 

.424 

.557 

.578  - 

- 

- 

- 

- 

1 . 

.239 

.338 

.336 

.38 

.362  - 

- 

- 

- 

- 

4. 

.312 

.441 

.441 

.344 

.312  - 

- 

- 

- 

- 

5. 

.443 

.626 

.626 

.638 

.619  - 

- 

- 

- 

- 

6. 

.707 

1.0 

1.0 

1.01 

1.0 

- 

- 

- 

- 

SPEED  OF 

LIGHT 

ERRORS 

FEET 

FEET 

PER 

SECOND 

POINT 

R  Pi 

Ql  Pj 

Q2 

ft  Pi  Ql 

P2 

§2 

1. 

.131  - 

-  - 

- 

_  _  - 

m 

m 

2. 

.139  - 

-  - 

- 

- 

- 

3. 

.324  - 

-  - 

- 

-  -  - 

- 

.003 

4. 

.706  - 

-  - 

- 

_  _  _ 

- 

- 

5. 

1.29 

-  - 

- 

.012 

- 

- 

6. 

2.259  - 

«•  «• 

.066 

.009 

Errors  due  to  refraction  and  speed  of  light  uncertainty  are  func¬ 
tions  of  position.  Listed  are  the  significant  values  calculated 
for  the  sample  trajectory.  Quantities  which  have  negligible 
effect  on  the  total  error  are  deleted. 


TABLE  4 


Figures  8  end  9. 

The  standerd  arrorsln  positlennre  illuatrated  in 
The  lower  curve  is  the  error  introduced  by  equipnent  errors 
only  and  the  top  curve  is  thfi  total  of  all  errors •  These 
curves  indicate  that  the  at|ndard  error  in  X  and  Y  refer¬ 
enced  to  the  launch  pad  for  this  typical  trajectory  varies 
from  approximately  2.0  feet  (  minimum)  near  acquisition  to 
approximately  40  feet  maximms  near  burnout  with  all  errors 
considered.  In  the  S«eomponint  the  error  extends  from  4 
feet  (minimum)  just  past  aqquisitlon  to  approximately  100 

feet  at  burnout.  The  valootty  aoeuracies  are  Illustrated 
Figures  10,  11  and  12  _ 

in  When  the  total  errors  are  propagated,  v  •  and 

♦  vary  from  approximately  0*01  foot  per  second  to  0.2  foot 

per  second}  varies  froq  as  little  as  0,1  foot  per 

second  to  as  high  as  2  feet  per  second  near  burnout. 

These  accuracy  capabilities  gre,  by  design,  to  extend  over 
the  following  volume  of  covgraE*  and  range  of  velocity  and 
acceleration. 


Volume  of  Coverage 


Azimuth ! 

360 

degress 

Elevation; 

1. 

5  to  degrees 

2. 

zero  90  degrees,  decreased  accuracy. 

Range : 

1. 

20  to  000  nautical  miles,  full  accuracy. 

2. 

20  to  1000  t  nautical  miles,  decreased 

accurggy.  (Range  is  signal-level 

81 


Acquisition 


Tra 


I 


4 

i| 


,'7 


limited t  and  full  range  dependa 
upon  the  application.) 


Velocity  and  Acoelepatlon 

Range  velocity!  zero  to  SO, 000  ft/aec. 

Range  accelerationt  zero  to  750  ft/aec^. 

Rate  of  change  of 

range  acceleration:  zero  to  SO  ft/aec^  par  aaeond. 

Range  difference  velocity:  zero  to  45  degreea/aec. 

Azimuth  and  elevation  tracking 

rate:  zero  to  45  degreea/aec. 

Azimuth  and  elevation  acceleration:  zero  to  250  degraea/seo^. 

B.  The  Observed  Accuracy  Performahee 

The  Miatram  system  was  originally  intended  to  he  subjected 
to  an  orderly  evaluation  based  primarily  upon  aireraft 
tests  before  it  was  committed  to  tracking  live  missiles. 
Unavoidable  delays,  however,  dfeated  the  situation  In  which 
the  system  tracked  several  missile  tests  before  the  aircraft 
tests  were  flown.  Ths  evaluation,  therefore,  has  bean  that 
of  appraising  system  performattde  on  both  missile  and  air» 
craft  tests  concurrently. 

The  summarized  results  appear  in  Table  5. 

The  estimated  accuracies  of  tbS  system  parameters  are  within 
a  factor  of  two  of  the  predicted  values  except  for  the  range 
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parameter  which  is  about  31/2  times  the  predicted  value •  When 
these  errors  are  propagated  into  a  nominal  trajectory,  the  re¬ 
sults  are  as  shown  in  Figures  13  and  The  observed  accuracy 

estimates  are  not  too  different  from  the  predicted  values. 

In  addition  to  the  accuracy  performance  of  the  system,  some 
information  has  been  compiled  concerning  the  length  of  time  the 
system  provides  data  useful  for  post-flight  analysis.  The  number 
of  seconds  of  data  characterized  by  the  accuracy  figures  just 
presented  is  illustrated  in  Figure  iS  for  five  missile  tests. 

The  loss  of  data  in  the  last  two  tests  was  caused  by  loss  of  the 
transponder  signal,  though  the  transponder  itself  may  not  have 
been  at  fault. 

C.  BRIEF  DESCRIPTION  OF  THE  AIRCRAFT  EVALUATION 
1.  Statistical  Design  of  the  EKberiments 

Last  year  I  had  the  privilege  of  presenting  a  paper  at 
this  meeting  whose  title  was  "System  Evaluation  Philo¬ 
sophy  and  Its  Application".  This  paper  discussed  the 
statistical  design  of  experiments.  Two  general  types  of 
experiments  were  described;  (1)  those  in  which  the 
factors  believed  to  be  producing  deviations  (errors) 
in  the  data  can  be  controlled  and  (2)  those  in  which 
they  cannot  be  (or,  at  least*  are  not)  controlled.  The 
analysis  of  variance  was  presented  for  an  example  of  the 
first  type,  and  the  basic  principles  of  regression 
analysis  which  are  used  to  extract  results  from  the 
second  type  were  set  forth.  The  current  aircraft  tests 
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are  based  upon  thesb  princlplas. 

The  original  experimental  design  concept  for  the  HISTRAM 
aircraft  evaluation  is  shown  In  Table  6.  This  is  a 
factorial  arrangement  in  which  the  affects  of  each  of 
four  factors  [camera  complexi  flight  direction,  target 
(beacon  plus  aircraft),  and  test  (night)]  as  well  as 
their  interactions  can  be  quShtltatively  assessed  for 
statistical  significance.  This  design  required  sixteen 
aircraft  runs  each  night  to  Schieve  complete  orthogo* 
nality,  and  this  was  oonsidefsd  to  bo  too  expensive  from 
both  the  financial  and  tine  points  of  view. 

The  design  finally  agreed  upon  is  shown  in  Table  7. 

It  is  based  upon  the  characteristics  of  a  Latin  square, 
but  it  it  not  a  pure  Latin  square  design.  The  inde* 
pedent  variables  to  be  asseSiSd  for  their  significance 
in  producing  unwanted  deviations  in  the  output  data  were 
camera  complexes  (not  shown )•  flight  directions,  signal 
levels,  and  altitudes.  The  affect  of  different  beacons 
cannot  be  dete-rmined  from  this  design  because  only  one 
beacon  is  used  during  each  tdSt  (i.e.,  each  night).  The 
flight  plans  are  shown  in  Figure  17. 

The  orthogonality  shown  in  either  of  these  tests  was 
not  realised  in  the  results  which  are  to  be  discussed. 
The  reason  for  this  is,  of  course,  the  many  practical 
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difficulties  of  conducting  ti  test.  The  factors  of 
weatheri  equipment  operation,  and  coordination  of  all 
personnel  and  equipment  almost  precludes  the  successful 
conduct  of  such  a  design.  It  is  for  this  reason  that 
one  finally  resorts  to  the  method  of  analyeie  called 
regression  analysis.  The  exercise  of  designing  an 
experiment  as  shown  in  the  previous  slides,  however, 
is  of  great  benefit  because  it  brings  out  those  factors 
that  are  likely  to  be  most  lignif leant,  the  manner  in 
which  the  test  might  be  conducted  to  the  greatest 
advantage  from  the  point  of  view  of  obtaining  orthogon¬ 
ality,  and  allows  estimates  to  be  made  of  the  nature 
and  number  of  flights  necessary  to  estimate  a  given 
number  of  parameters  with  S  desired  confidence. 

The  degree  of  success  in  attaining  the  planned  design  is 
shown  in  Table  8.  No  variation  in  signal  level  or 
altitude  was  introduced  so  there  is  no  information  on 
the  effects  of  these  factors.  Of  the  21  runs  producing 
usable  data,  12  fit  the  concept  of  the  original  design 
(with  exceptions  noted  aboVe )  and  represent  three 
tests,  two  camera  complexes,  two  directions,  and  three 
beacons.  The  data  from  thS  remaining  nine  runs  com¬ 
bined  with  those  of  these  12  provide  other  possible 
comparisons . 
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Table 


The  principle  method  of  analysis,  however,  is  that  of 
regression  which  allows  all  Of  the  data  to  be  used 
whether  or  not  orthogonality  exists.  The  results  of 
this  analysis  are  not  complete  at  the  time  of  writing, 
but  they  are  expected  to  be  available  by  the  tiae  of  the 
neeting  and  will  be  presentad. 

2.  The  Error  Model 

In  order  to  conduct  a  regression  analysis  on  a  set  of 
data  one  must  decide  upon  a  Set  of  independent  variables 
which  are  believed  to  contribute  to  the  deviations  in 
the  data.  Each  of  these  independent  variables  is  aul- 
tiplled  by  a  constant  and  it  is  these  constants  that 
must  be  determined  from  the  data. 

Before  a  choice  of  independent  variables  can  be  aade 
one  must  have  some  degree  of  Understanding  of  the  nature 
of  the  system  producing  the  data  and  the  possible 
sources  of  error.  It  is  for  this  reason  that  it  is 
highly  desirable  to  have  what  is  often  referred  to 
as  an  error  model  for  the  system  under  investigation. 

The  term  "error  model"  means  different  things  to  dif¬ 
ferent  people.  I  specifically  refer  to  an  equation 
which  relates  the  deviation  in  a  system  parameter 
(range,  for  example)  to  the  parameters  of  the  system 
that  enter  into  its  determinttion.  On  a  system  as 
complex  as  Nistram  this  equation  can  be  extremely 
complex  if  all  factors  are  tSken  into  consideration. 

He  do  not  have  this  equation  at  this  tine.  He  do  have, 
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however,  a  regression  equation  that  is  based  upon 
physical  considerations  of  the  system  behavior.  The 
five  major  sources  of  eppor  and  the  form  of  their  ap¬ 
pearance  in  range,  rangg  differences,  and  range  rate 
differences  are  illustrated  in  Figure  18,  The  repre¬ 
sent  timing,  both  interf^al  and  external,  propagation 
([this  is,  refraction),  the  uncertainty  in  the  speed 
of  light,  the  change  in  frequency  of  the  master  oscil¬ 
lator,  and  the  zero-set, 


The  regression  equations  for  R,  P,  and  Q  are  as 
follows : 


A  R  =  ao  t  ai  ♦  32 
^Pl  *  bo  +  b^  Pi  +  bj  fto 

AQl  *  Co  +  Cl  Ql  ♦  C,  fto 

=  <^0  *  ^1  ^2  *  ^7  *o 

=  Sq  +  ®1  <^2  +  Cj  fto 


C8o2  E^] 

+  b3  k  (csc^  T^q)~^2  Ej)^ 
+  Cj  (csc2Eo>  (csc^  E^)^ 
+  d3  1^0  (csc^Eo)  -^4  (osc^  £4)  ^ 
♦  83  [^o  -®3  <=8c2  Eg)] 


«r  ^ 


range-hate  difference 


•  » 

b'd 


I 
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Figure  11 


A  Kt  A  P(  4  Q  art  th«  ^ifferanots  batwaaa  tha  MI8TRAN 
■aaauraBants  in  R,  P,  an4  Q  and  tha  eorvaspondlng  aaaaura> 
■anta  of  a  coapariaea  atfpdard. 

V 

Rg  ,  la  tha  ranga  pafpgotion  oorraetlon  and 
angla  naaaupad  fron  tha  ggntpal  raealvar. 

Rf  ,  Ef  ia  tha  rang#  pafpaotlon  ooppaotlen  and 
angla  naaaupad  fpom  tha  gantpal  trananittap. 

Kj,  ,  Sj^  la  tha  ranga  pafraetloD  coppaetlon  and 
angla  naaaupad  fron  tha  gntannaa  at  tha  and  of 
South  baaolina. 

Rj  ,  E3  ia  tha  panga  rafpaotion  oorpaotion  and 
angla  naaaupad  fron  thg  antannaa  at  tha  and  of 
Naat  baaalina. 

t  ia  tha  tlna  of  neaBupawant . 

Each  pagraaaion  aquatton  contains  ono  or  nora  terna 
papraaanting  each  of  thasa  main  affaets  and  in  addition, 
aena  other  tarns  to  tapt  for  possibla  statistioal  signi- 
fioanca.  If  tha  stability  of  tha  ooafficiants  can  ha 
danonstratad  over  savgral  tests,  tha  aquations  can  be 
used  to  correct  flight  data,  or  at  least  yield  an  in¬ 
sight  into  the  bahavier  of  the  Mistran  system. 

3.  Treatnent  of  tha  Dat|^ 

A  brief  description  of  tha  data  treatnent  is  praaented 


eloeation 

elevation 

elevation 
the  Horth- 

elevation 
tha  East- 
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in  rij^ureld.  The  data  from  both  MISTRAH  and  ballistic 
camera  syatems  were  redudsd  by  normal  procedures,  but 
the  large  number  of  ambiguities  in  the  MISTRAM  data 
necessitated  special  consideration. 

A  special  search  program  Was  quickly  prepared  to  detect 
the  existence  of  ambiguities  and  disoontinulties  in 
the  MISTRAH  data.  Once  they  were  located  by  time  points 
a  team  of  analysts  and  engineers  made  an  on-elgbt  inepee 
tion  of  the  analog  records  to  try  to  identify  physical 
causes  system  transfer,  Sftbiguity  and  aquipmant  nia> 
behavior.  With  this  information  oorraotiona  wara  aada 
to  each  point.  Mean  differences  ware  corrected  by  hand 
calculation  and  regression  analyses  attempted.  The 
results  of  these  analyses  are  not  nearly  oomplata  at 
the  time  of  writing.  They  will  be  presented  if  tbay  are 
available  by  the  time  of  the  meeting. 


4 .  Results 

At  the  time  of  writing  thS  only  results  available  are 
bias  estimates  of  the  MISTKam  system  with  reepeot  to 
the  ballistic  camera  syatin.  They  are  shown  in  Table  9. 

The  only  two  which  afl  statistically  significant 
at  the  95%  confidence  leviL  are  those  in  range  and  P^. 


OUTLIHE  or  MULTIPLE-SYSTEM  COMtARISOM 


1.  Methodology 


Multiple  system  comparlsohs  have  been  made  primarily 
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with  data  from  live  misa(le  testa •  The  procedure  is 
sbown  in  Figure  20. 

Data  froa  several  system  are  acquired  and  subjected 
to  geodetic  transformations  appropriate  to  the  system 
being  evaluated.  Diffepgnces  between  systems  can  be 
computed  and  subjected  to  a  Simon-Orubb's  analysis 
which,  under  certain  assuaptlons,  permits  estimates  of 
errors  for  each  indivldugl  system.  Other  types  of 
analyses  can  be  performed  according  to  the  purposes  of 
the  Investigation.  If  fpse  fall  data  are  available, 
residuals  can  be  computed  between  the  system  data  and 
a  theoretical  trajectory  fitted  to  the  data.  A  very 
powerful  analytical  tool  for  estimating  rata  biases  is 
that  of  fitting  a  tbeoretlosl  trajectory  through  two 
measured  end  points  (one|  up  range (  one,  down  range) 
using  the  tlme-of>f light  as  a  constraint.  (This  method 
was  brought  to  the  authors'  attention  by  the  Staff  of 
Space  Technology  Laboratories.)  Residuals  derived  by 
computing  differences  between  the  system  under  investi¬ 
gation  and  this  trajectory  yield  such  information. 

Most  of  the  noise  error  estimates  presented  in  this 
paper  have  been  derived  from  applying  the  Simon-Grubbs 
analysis  to  multisystem  differences. 
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SUHMARY 


Five  nissiie  tests  and  twentyone  aircraft  flights  ever  36  eanera 
coaplaxee  have  been  analysed  thu*  far.  Our  analyses  would  suggest 
that  the  systen  is  approaching  (ts  "specification"  values,  especially 
in  thS  range-difference  and  velocity  parameters.  Ho  determination 
has  been  made  yet  of  the  existence  (or  non-existence)  of  rate- 
drifts,  though  there  seems  to  bf  some  indication  that  they  exist. 

The  HISTRAH  system  has  at  least  two  serious  problems  at  the  time 
of  writing:  (1)  drift  of  the  zerp-set,  and  (2)  ambiguities.  If 
these  problems  can  be  overcome,  t^e  system  would  seem  to  be  poten¬ 
tially  capable  of  producing  data  of  excellent  quality. 
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THE  OLOTRAC  STSTBM 
Abatraet 

The  QIATRAC  System  is  desorlted  together  ulth  its  gsogriphtosl  eon- 
figuration.  The  types  of  elaetronlQ  equijpent  Involved  are  gives  in  detail. 

The  system  is  desorihed  mathematioally^  its  msMurenestts  WS  deiced 
and  the  anticipated  significant  error  sources  are  diseussed.  A  detailed  ds. 
scription  of  mathematioal  fonsulstion  to  be  used  in  processing  the  QMCRAC 
data  is  presented. 

The  applioatlon  of  the  nethed  of  naxLaum  Ukellheod  adjustment  to 
the  processing  le  briefly  examined. 

MTBODUGTIOW 

The  Global  Track! ng  Net wo was  designed  and  developed  for  AfKTC  by 
General  Oynamies/Aatronautics . 

GIGTRAC  measures  doppler  range  rateai  unambiguous  range«  and  direc¬ 
tion  cosines  referenced  to  a  land  surveyed  baseline  using  continuous  wave 
techniques.  By  measuring  range  and  range  rate  from  three  or  more  stetione» 
the  position  and  velocity  components  for  a  flight  vehicle  esn  be  detendnad. 

To  obtain  this  Information!  Aausa  instrumentation!  pulse  radars  and  a  doppler 
type  system  are  used. 

The  development  of  a  program  to  make  optimum  praetioal  ’*>•  least 
squares  procedure  in  the  reduction  ot  the  tracking  data  was  part  of  GoA’s 
contractual  eoomltment  for  GLOTRAC.  Since  QUJTRAC  was  ajratam-engineered  about 
the  aasuoption  that  this  program  or  another  like  it  would  be  uaed  to  reduce 
GLOTRAC  data,  any  evaluation  of  OLOtilAC  eapebiUty  made  by  meena  of  an  ewr 
analysis  should  correspond  to  both  tho  hardwtre  components  of  iM  to 

its  data  processing  program.  Thus  ai)  srror  analysis  was  perfonssd  by  ®A  on 
the  QIX3TRAC  system  which  Incorporatsi  the  optianss  proossaing  of  data.  The 
inclusion  of  an  error  analysis  of  thf  systsm  was  also  a  eontraotusl  eomut-. 
msnt  for  the  ®0TRAC  system. 

The  OLOTRAC  System  is  often  described  as  one  containing  both  pulse 
radar  equipment  and  continuous  wave  pgdio  equipment.  Although  the  date  from 
the  pulse  radars  is  used  in  the  procsislng  of  the  (K.OTRAC  date,  there  is  no 
electrical  connection  between  the  two  systems  except  for  acquisition  and  point¬ 
ing  purposes.  _  _  ^  ^ 

The  continuous  wave  equipmwt  of  the  0IX3TRAC  System  operates  at  a 
nominal  transmission  frequency  of  5058  s»  eecond.  All  of  the  e^upment 
operates  in  conjunction  with  an  airborne  transponder  which  mainta^  phase 
coherence  between  its  input  and  its  output  signals.  More  praolaely!  for  each 
97  cycles  recelvsd  by  the  transpondsri  96  cycles  are  re-transmitted.  *he 
ground  equipment  in  the  OUffRAC  System  has  been  divided  into  Wve  gi^pe. 

This  giouping  is  based  on  the  area  of  coverage  of  the  eyetem  for  certain 
particular  trajectoiy  types. 


Segment  I.  There  are  seven  different  geographic  locations  . 

ated  with  Segmsnt  I.  The  first  of  thtse  is  Cape  Canavera^  The  e^stii«  A^A 
tracking  equipment  at  Ci^^e  Canaveral  fonse  part  of  the  caOTRAC  equipsmnt.  Tbie 
equipment  contains  a  CW  transmitter  pius  ground  equipment  capable  of  Maaurlng 
range  differences,  often  caUed  coslnsi,  and  an  unambigwus  f"*® 
p^er,  as  well  as  an  ambiguous  range  formed  by  Integrating  the  CW  range  rate 
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meaaureiDflni .  The  multiple  modulation  ringing  system  provides  tbft  noa«sablgnfiiiS 
ranging  system.  In  the  firat  portion  ot  the  flight  the  transponder  tdU  *3.^^ 
be  excited  by  transmiesiona  from  the  Cape  Canaveral  ayetem.  On  the  island  of 
Bermuda  the  OLOTRAC  equipment  consists  of  a  transmitter,  a  non^embiguous  reng> 
ing  ayatem  and  an  ambiguous  ranging  system.  The  San  S^vador  system  contains 
the  ssme  type  of  equipment  aa  the  Bermuda  Station.  At  Cherry  Point,  North 
Carolina,  at  Grand  Tuidc,  at  Antigua,  and  possibly  at  Puerto  Rico  the  CSATtRAC 
oqulpswnt  will  consist  only  of  ambiguous  ranging  aqulpnent.  All  GLOERAC 
squlpiBanb  operates  with  frequency  standards  of  the  atomioron  type.  Clearly, 
Sepaent  1  is  for  use  in  the  launch  phase  and  must  provide  the  most  aeourata 
data  possible. 


Cape  Canaveral  (Mein  Station) 
Cherry  Point,  North  Carolina 
San  Salvador,  BWl 


Antigua,  BWI 


Bermula 


Modified  Asuaa  Mark  ZI 
Range  Rate  Station 
Range  Rate  Station 
(with  tranamltter)j 
AN/PP3-16  Radar 
Range  Rate  Station; 
AN/FPQ.6  Radar  with 
28- foot  dlah 
Range  Rata  Station 
Ui/FFS-ld  Radar 


ERRORS  ESTIMATED  BT  GDA  FOR  INSTHUMENTAItlai 


An  error  analysis  for  the  GLOtRAC  system  to  be  used  on  a  typical 
CENTAUR  trajectory  hae  been  baaed  on  eaPtaln  error  eetimatea  in  instrumenta¬ 
tion. 

Errors  estimated  for  the  AzusRi  Radar  and  CW  Doppler  systems  are  aa 

follows: 

Azuss 

Bias  in  rangs  measuremsAt  ■  2.8  ft. 

Bias  in  direction  cosinS  measurement  >8.0  ppm. 

Noise  in  range  measurement  -  3>0  ft. 

Noise  in  direction  coeint  measurement  <•  3,2  ppm. 

Noise  in  direction  eosiAS  rate  msasuremente  >  0.657  ppm  per  see. 
Pules  Rader 

A,  £,  Bias  ■  0.1  mil 
A,  E,  Random  >0.1  mil 
R,  Bias  -  10  ft. 

Rwdom  •  10  ft. 

CW  (Kate  Stations) 

Error  in  R  •>  0.1  ft/aec  (Transmitter  with  Receiver) 

Error  in  R  >  0.1A4  ft/seS  (Radar  with  Receiver) 

Error  in  R  ■  0.51  ft/sed  (Receiver  alone) 

CW  Range  , 

Error  in  R  ■  10  ft  ♦  (5  X  10"“)R 
Survey  , 

Error  in  short  distance  survey  ■  (2.5  x  10"®)  Meaauremart 
Error  in  Hiran  Survey  ■  (lO  x  10"®)  Measurement 
Error  in  long  distance  •  lOOO  ft 
Timing  Error 

Error  ♦  10  ms 
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RKaifiED  TRACKDia  ACOJRACy  DATA  FOR  q|^^RAC 

A  mathematical  error  analymls  is  required  to  satisfy  the  contrac¬ 
tual  obligations  of  the  contractor  that  these  following  accuracy  requireamits 
are  met.  The  accuracy  re<lulred  of  the  QIX7IRAC  system  for  trajectory  data  is 
as  follows! 

Time  Accuracy  (l  Sigma  Values} 

(Seconds  of  flight}  Position  X,  T,  Z  Velocity  X,  X,  Z 

1  225  -  500  100  feet  0.5  ft/sec 

In  the  error  analysis,  the  optimum  practical  use  least  squares  pro¬ 
cedures  in  the  reduction  of  tracking  data  was  employed.  Since  GLOTRAC  was 
system-engineered  about  the  assumption  that  this  program  or  another  very  much 
like  it  would  be  used  to  reduce  GLOTRAC  data,  any  error  analysis  of  the  sys¬ 
tem  oust  include  both  the  hardware  coniponents  of  QLOTRAC  and  its  data  proc¬ 
essing  program. 

KATHEMATICAL  CeSCRIPIIOM  OF  THE  SYSTEt^  AND  IT  MEASUSEHENTS 

Clearly,  all  of  the  CW  C&X3TRAC  equipment  actually  makes  measure¬ 
ments  of  phase  differences  between  pairp  of  signals.  The  geometrical  mean¬ 
ing  of  this  measurement,  of  course,  depends  upon  the  origin  of  the  signals 
whose  phase  is  being  continuously  compared.  While  the  phase  comparison  le 
actually  a  time  difference  measurement |  it  is  much  more  convenient,  due  to 
the  near  constancy  of  the  velocity  of  propagation  of  the  radio  signals  in¬ 
volved,  to  think  of  the  phase  measuramanta  as  actually  being  distenee  sMSsure- 
ments  of  some  type.  In  particular,  if  we  disregard  the  fact  that  there  is 
actually  a  frequency  shiH  within  the  transponder  and  again  at  the  receiving 
point,  we  can  describe  the  various  phaie  meaeurements  aa  follows!  comparing 
the  phase  of  a  transmitter  with  the  phaae  of  the  signal  returning  from  the 
transponder  provides  us  with  what  may  be  called  a  range  sum  measurement. 

That  is,  we  have  a  quantity  tdilch  is  related  to  the  total  time  required  for 
passage  of  a  signal  from  the  transmitter  to  the  transponder  and  beck  to  the 
receiving  point.  If  we  compare  the  phase  of  signals  received  on  the  ground 
at  two  different  points  we  are  making  a  time  difference  or  range  difference 
measurement.  That  is,  we  have  formed  a  quantity  ^ch  is  proportional  to  the 
difference  in  distance  from  each  of  the  receiving  antennas  to  the  transponder. 

AZUSA.  When  the  AZUSA  System  is  acting  as  a  transmitter,  the  signal 
leaving  the  AZUSA  site  consists  of  the  continuous  wave  carrier  ae  well  as  a 
•  modulation  signal  which  is  on  the  carrier.  The  AZUSA  System  operates  so  as 
to  contTol  the  exact  frequency  of  the  continuous  wavs  signal  being  transmit¬ 
ted,  so  that  the  received  signal  at  the  AZUSA  site  does  not  deviate  from  5000 
me  per  second.  This  is,  of  course,  known  as  an  automatic  frequency  control. 
The  frequency  of  the  modulation  transmitted  from  AZUSA  is  held  constant.  If 
we  continuously  measure  the  phase  difference  between  the  modulation  returning 
from  the  transponder  and  that  being  tranemitted,  we  have  a  measuxement  of 
the  range  from  transmitter  to  transponder  to  receiver.  Thie  is  the  range  sum 
measurement.  By  the  use  of  lower  frequency  modulations  we  can  actually  re¬ 
solve  the  ambiguities  In  this  measurement.  That  is,  we  can  determine  the 
precise  number  of  cycles  In  this  transmission  path.  If  we  also  measure  the 
phase  difference  between  the  transmitted  carrier  and  the  received  carrier, 
we  are  also  making  a  range  sum  taeasurement .  Since  this  particular  measure¬ 
ment  is  not  initialized  and  is  not  resolved,  our  measurement  is  actually  an 
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iniegratign  of  rate  Information  with  the  constant  of  integration  ciisslng> 

In  order  to  initialise  or  zero  set  this  ambiguous  range  infor<iiaticm>  we  nuat 
provide  this  constant  of  integration  from  some  other  source.  The  range  dif¬ 
ference  measurements  made  by  AZUSA  are  often  called  cosines.  This  is  true 
because  the  quotient  of  the  range  difference  and  the  baseline  length  la  very 
nearly  equal  to  the  direction  cosine  to  the  transponder.  Althoughi  strictly 
spealdngt  this  is  only  a  range  difference  measurement.  This  measurement  ISj 
of  courecj  made  by  comparing  the  phase  of  the  signal  from  the  transponder 
bsaing  received  simultaneously  at  two  different  points  on  the  ground.  The 
AZUSA  System  contains  actually  three  sets  of  baselines  -  a  5  meter  set,  a  $0 
meter  set,  and  a  500  meter  set.  Pointing  information  from  a  tracking  antanna 
is  used  to  resolve  or  find  tho  proper  cycle  in  the  5  meter  rai^e  difference 
measuxoment.  Once  this  is  found.  It  can  be  used  to  find  the  proper  cycle  in 
the  SO  meter  measurement.  The  500  meter  measurement  is  not  initialized  nor 
resolved;  hence,  it  is  an  ambiguous  range  difference  measurement.  It  must  be 
Initialized,  as  the  ambiguous  range,  from  some  outside  information. 

Range  Sum  Stations  with  TransMtters  In  describing  the  range  sum 
measurement,  it  was  shown  that  a  comparison  of  the  phase  of  the  transmitted 
signal  and  the  signal  returning  from  the  transponder  provides  a  range  sum 
measurement .  That  is,  the  total  distance  from  transmitter  to  transponder  to 
receiver.  In  order  to  make  this  measurement  it  is,  of  course,  necessary  that 
the  phase  of  the  transmitted  signal  be  Available  at  the  receiver  in  order  to 
provide  sufficient  electronic  information  for  comparison  purposee.  If  the 
transmitter  and  receiver  are  at  the  same  geographic  location,  thie  type  measure¬ 
ment  is,  of  course,  poseible. 

Range  Sum  Stations  Without  Transmitters,  Clearly,  if  the  trans¬ 
mitter  is  not  at  the  same  geographic  location  as  the  receiver.  It  is  impoa- 
sible  to  directly  compare  the  transmitted  signal’s  phase  with  that  of  the 
received  signal..  We  can  approximate  this  measurement  though  if  we  can  syn¬ 
thesize  the  actual  phase  of  the  signal  Being  transmitted.  We  can  approxi¬ 
mate  thie  condition  if  we  use  an  ultra-dtable,  veiy  accurate  oscillator  as 
a  substitute  for  the  transmitted  signal*  If  this  oscillator  is  at  tho  sue 
frequency  as  that  of  the  transmitter,  we  simply  meaeure  its  phase  minv»  th«* 
of  the  received  signal.  This  provides  us  also  a  range  sun  moasurount  pro¬ 
vided  the  actual  transmitter  is  operating  at  a  frequency  equal  to  that  of 
the  accurate  oscillator  being  used  at  the  receiver. 

Associated  Pulse  Radar  Measurdflients  The  data  measured  by 
radars  is  range  information  derived  from  the  two-way  transit  time  of  the  radar 
pulse.  Also  angular  information;  that  is,  azimuth  and  elevation  angles  an 
derived  by  a  monopulse  tracking  system  which  causes  the  antenna  to  automati  • 
cally  track  the  line  of  sight  to  the  target.  The  angular  measurements  are 
taken  by  measuring  the  position  of  the  ahtenna  mount. 

TIFACRIPTIOK  OF  ERROR  SOJRCES 


Biases  Almost  all  trajectory  measuring  equipment  is  subject  to 
bias  errors  of  some  sort  and  from  some  origin.  Oftenti^s, 
due  to  imperfect  or  inaccurate  zero  sotting,  initialization,  or 
procedureH  Errors  of  this  type  are  present  in  the  GLOTBAC  data,  Jhese 
initialization  errors  can  obviously  be  Very  large  in  cases  of  unimtializ 
measurements.  As  an  example,  wc  mi.-ht  examine  the  measurement  made  by  the 
ambiguous  raixging  equipment  at  Cherry  Point,  N.  C.  Since  this  measurMent  is 
ff^Tllp^y  a  phase  difference  between  a  local  oscillator  and  the  signal  comlj^ 
from  the  transponder,  and  no  electronic  method  is  available  to  measure  the 
actual  number  of  cycles  in  this  transmisAlon  path,  the  measurement  is  c<»- 
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pletely  uninitialized,  These  very  largq  error  sources  must  be  reBoved.  in  the 
processing  of  the  data. 

Ambiguities  Another  type  of  error  v^ich  is  not  Infre^Mit  in  con¬ 
tinuous  wave  tracking  systems  is  that  known  as  ambiguities.  This  is  simply 
a  loss  of  count  of  the  number  of  cyclee  in  the  range  sun  or  range  diffsrenee 
s  measurement.  This  type  error  appeare  often  as  a  step  function  ih  the  data. 

Since  an  ambiguity  can  have  only  a  fixed  eise,  that  Ibi  the  length  of  one 
cycle,  it  may  be  detected  and  removed  by  simple  editing  methods. 

Time  Dependent  Errors  In  systems  making  msasuremsnts  using  *  local 
oscillator  instead  of  the  actual  transmitter  there  will  be  soma,  hopsfuUy 
small,  difference  between  the  frequency  of  the  transmitter  and  the  local 
oscillator.  This  frequency  difference  will  lead  to  what  might  be  described 
as  a  time  dependent  error.  This  descrlftion  is  meaningful  in  that  if  the 
transponder  were  stationary,  the  data  would  appear  to  be  moving  as  a  linear 
function  of  time.  The  rate  of  tills  motion  is  related  to  the  amount  of  the 
frequency  error.  Since  this  error  is  not  insignificant.  It  also  saist  be 
accounted  for  and  removed  in  the  processing  of  the  GgiOTRAC  data. 

Timing  Errors  It  is  hoped  that  the  transmission  of  timing  signals 
through  the  transponder  to  the  other  OLOTHAC  receivers  will  eliminate  all 
significant  timing  errors. 

Survey  Error  Due  to  the  remoteness  of  many  GIXffBAC  locations  and 
also  due  to  the  fairly  stringent  accuracy  requirements  placed  on  the  system, 
the  survey  measuromont  errors  present  a  problem.  Since  there  Is  redundant 
information  available,  particularly  in  Segment  I  of  the  QIXURAC  System,  it 
is  reasonable  to  think  that  some  of  the  survey  errors  may  actually  bo  de¬ 
creased  with  the  use  of  the  GLCTRAC  data,  For  example,  if  we  continuously 
track  a  target  from  a  point  with  an  accqyacy  of  approximately  ten  feet,  ws 
can  determine,  if  we  know  the  position  of  the  target,  the  location  of  the 
tracking  station  also  to  approximately  tan  feet.  Hence,  it  is  likely  that 
for  the  stations  having  large  survey  errors  wo  may  actually  be  able  to  re¬ 
position  these  stations  in  the  processing  of  the  OWTRAC  data. 

Geodetic  Krrors  Another  error  source  which  appears  in  the  QLOTRAC 
data  processing  is  related  to  the  earth  model  being  used  ae  well  as  to  the 
accuracy  of  our  gravitational  force  equeticne.  This  should  not  be  a  signi¬ 
ficant  error,  although  some  improvement  in  our  knowledge  of  these  constants 
may  result  from  prooessirig  of  long  spans  of  CLOTRAC  data  acquired  from  orbit¬ 
ing  transponders. 

These  errors  and  observations  are  described  mathematically  as 

follows: 

4 

®(t)  •  ^  aj,  |X-3j^l  ♦sjA^X,  3j)  *8  £  (X,  Sg) 
i-1 

*a.rj  ^ag  m  (t)  ♦  a^t  +  £ 
m  «  measurement  at  t 

a^^  «  arbitrary  coefficients  needed  to  describe  measurements 
t  >  time 

A  «  azimuth  of  X  from  S 
E  »  elevation  of  X  from  S 
£.  *  random  error 

X  »  missile  position  vector 
S  ■  station  location  vector 

Here  the  a's  and  3's  may  be  adjusted  and  the  X  Is  to  be  estimated. 

117 


BASIC  mathematical  fohkulatioh 


In  order  to  convert  the  raw  CLtflRAC  data  into  a  fora  which  is 
useable  by  the  missile  contractors,  certain  mathamatioal  operations  are 
obviously  necessary.  The  de-coding  of  the  raw  data  format  trahssiitted  from 
the  CLOTRAC  sites  to  the  Cape  is  the  first  basic  operation  which  is  required. 
The  data  must  also  be  combined  into  a  single  group  on  magnetic  tape,  which 
is  more  easily  processed  and  manipulated  by  the  electronic  computers  involved. 

The  principle  underlying  processing  of  the  GLOIRAC  System  data  is 
that  of  maudmura  of  likelihood  adjustment.  This  method  is  very  much  aicin  to 
least  squares  adjustment,  dere  we  have  a  set  of  observations  from  which  we 
would  like  to  estimate  the  true  position  .ind  velocity  of  the  transponder  as 
a  function  of  time.  We  will  make  this  estimate  subject  to  the  constraint 
that  the  weighted  sum  of  squares  of  the  differences  between  our  estimate  and 
the  measurement  be  minimized.  In  this  mathematical  formulation  if  we  have 
redundant  information,  that  is,  more  than  the  minimum  necessary  number  of 
measurements  required  to  derive  the  basic  position  and  velocity  measurements, 
we  extract  from  this  additional  information  regarding  systematic  errors.  In 
particular,  we  may  seek  to  improve  the  surveys  of  the  stations  involved  and 
to  estimate  the  previously  mentioned  frequency  and  timing  errors. 

Measurements,  Random  Error  and  Smoothing  Our  basic  measurements,  as 
previously  described,  are  range  sum  measurements,  range  difference  measure¬ 
ments,  azimuth  angle  measurements,  and  elevation  angle  measurements.  These 
measurements  are  accompanied  by  random  error.  There  are  other  errors  in 
the  measurements  also,  which  we  will  describe  shortly.  Sometimes  the  noise 
or  random  error  on  a  measurement  is  large  enough  to  m^e  it  necessary  to  smooth 
this  measurement  before  further  processing.  Since  smoothing  actually  removes 
some  information  from  the  data,  this  is  avoided  when  possible.  In  the  system 
which  I  have  described,  all  measurements  are  actually  position  measurements. 
Since  we  are  interested  in  velocity  and  often  acceleration,  as  well  as  posi¬ 
tion,  It  is  necessary  to  produce  derivatives  of  the  basic  measurements. 

These  derivatives  in  general  are  provided  by  numerical  differentiation  of 
the  basic  position  measurement  s.  We  will  refer  to  these  derivatives  of  the 
position  measurements  as  raeasuremer^ts  themselves.  In  order  to  make  the  maxi¬ 
mum  likelihood  adjustment,  it  is  necessarv  that  we  have  estimates  of  the  random 
error  content  of  these  measurements.  Various  methods  will  be  used  to  produce 
these  estimates,  such  as  numerical  filter  techniques  and  variate  difference 
schemes . 

Error  Model  Certain  systematic  errors  have  been  described  as  being 
present  in  the  measurements.  In  particular,  we  must  describe  this  systematic 
error  with  some  mathematical  formulation.  The  throe  systematic  error  sources 
mentioned  before,  that  is,  biases,  frequency  errors,  and  liiuing  errors,  con 
all  be  described  rather  simply,  mathematically.  That  is,  biases  become  un¬ 
known  additive  constants,  frequency  errors  become  first  degree  time  functions, 
and  timing  errors  may  be  vjell  described  by  velocity  functions,  that  is,  an 
error  proportional  to  the  first  derivative  of  the  measurement  which  is  in 
error.  Any  other  systematic  eri’ors  which  may  be  detected  as  present  in  the 
GLOTRAC  data,  which  are  describable,  mathematically,  may  also  be  Included  In 
future  error  models. 

Constraint 6  In  addition  to  our  knowledge  of  the  nature  of  the  basic 
measurements  and  the  error  sources,  we  niay  have  additional  Information  about 
the  trajectory  itself.  A  very  simple  and  frequently  encountered  trajectory 
constraint  is  that  of  free-fall.  That  is*  the  motion  of  the  vehicle  when  it 
is  not  in  powered  flight.  We  may  use  our  information  about  the  trajectory 
in  order  to  reduce  significantly  the  number  of  unknowns  which  must  be  estimated 
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in  the  data  procaasingj  stnce  only  si*  Initial  ©ondittew iMJMfisd 
a  ascribe  free-fallt  assuming  wa  have  )(|iowleige  of  the  gravity  and  drag  forces  > 
we  may  literally  have  thousands  of  o\}|ervation8  from  v^ioh  to  detensihe  only 
six  parameters.  These  parameters  ar«  often  taken  aa  the  initial  position  and 
velocity  of  the  free-fall  or  orbital  giotion.  Statietioally  speakings  M  have 
greatly  increased  the  number  of  degress  of  freedom  possessed  by  th#  foilSila* 
tlon.  Vi!e  cannot  apply  these  constraipis  during  periods  of  powered  flifhtt 
although  the  extension  of  the  data  from  powered  flight  into  free-fall  and  the 
increase  of  the  amount  of  freedom  of  the  formulation  in  this  period  will 
actually  lead  to  better  determinatlop  of  systematic  error  iMoh  applies  to 
powered  flight  as  well  as  free-fall;  thus  the  use  of  the  free-fall  oonstraint 
can  Improve  powered  flight  data.  Theye  le  also  additional  Information  which 
we  are  not  presently  using  in  the  proocsslng.  This  is  information  which  would 
describe  the  motion  in  powered  flight  ss  a  series  of  oonnected  points.  Ws 
are  presently  working  toward  a  manageable  mathematloal  formulation  which  will 
make  use  of  this  additional  physical  oonstraint. 

Assumptions  and  Weaknesses  Xn  a  complex  mathematical  formulation  of 
a  physical  problem  it  is  generally  moossary  to  make  certain  assumptions.  The 
validity  of  these  assumptions  strongly  influenoao  the  validity  of  the  solution. 
Basic  assumptions  which  allow  the  ma:Mum  likelihood  adjustment  to  be  done  in 
a  reasonable  amount  of  computing  time  involve  the  assumption  of  no  serial 
correlation  among  the  errors  on  the  basic  measurements.  Also  we  must  assume 
that  the  non-random  part  of  the  error  Is  adequately  described  by  the  error 
model  used  in  the  formulation.  In  ordgr  to  make  this  first  assumption  more 
nearly  valid  we  simply  use  only  points  in  the  prooeseing  which  are  separated 
by  one,  two  or  more  seconds  for  determipctlon  of  the  syetenatic  error  model 
coefficients.  We  must  examine  each  solution  in  order  to  attempt  to  detersdne 
the  validity  of  the  assumption  of  the  adequacy  of  our  error  model.  Vfe  intend 
to  test  the  validity  of  these  assumptions  and  we  also  intend  to  detemine  the 
effect  of  the  violation  of  these  assui^ptions  on  the  data  reduction  method 
for  ca.aiRAC.  This  test  will  be  made  by  simulating  errors  of  the  serially 
correlated  variety  as  well  as  undescribid  systematic  error  sources;  thus  we 
may  determine  the  response  of  our  procssslng  techniques  to  these  assumption 
violations. 

CCWCLUSIONS 


Expectation  Since  I  have  been  describing  a  system  which  is  not  yet 
functional,  essentially  all  1  have  said  could  be  described  as  expectation. 

If  we  examine  the  philosophy  used  in  ths  design  of  the  CaXTRAC  System,  we  see 
that  the  system  lends  itself  well  to  mathematloal  processing  schemes  of  the 
maximum  likelihood  variety.  It  possesits  two  basic  essentials  for  a  formula¬ 
tion  of  this  sort;  the  first  of  which  is  redundancy;  the  second  is  geometry. 

In  this  first  respect,  redundancy,  the  processing  is  very  similar  to  that 
known  as  the  Best  Estimate  of  Trajectory  and  the  raatheraatlcal  methods  are 
vary  similar.  In  the  second  respect,  g*ometry,  we  have  gone  beyond  the  systems 
which  have  in  the  past  been  used  in  the  Best  Estimate  of  Trajectory  project. 

V(e  have  very  precise  tracking  syetems  down  range.  Vte  have  been  studying  the 
formulation  of  the  OLOTRAC  data  processing  mathematics  for  some  time,  and  we 
can  say  that  we  are  encouraged  by  the  results  to  date.  We  believe  that  the 
major  error  sources  are  adequately  described  by  our  erroi*  models  and  that  the 
assumption  of  minimal  serial  correlation  will  indeed  prove  valid.  The  primary 
error  source  for  which  we  have  no  real  feeling  at  the  moment,  as  far  as  its^ 
behavior  and  its  effect  on  our  solution*  is  >*iat  is  best  called  the  residu^ 
refraction  correction  error.  Since  the  CUXTRAC  System  is  so  widely  separated 
geographically,  many  of  the  stations  are  operating  at  elevation  angles  which 
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are  below  10°.  Those  familiar  with  tropospheric  refraction  effects  know 
that  this  leads  to  range  errors  of  about  3OO  feet  or  more.  Our  ability  to 
remove  tliis  systematic  error  from  the  available  atmospheric  inforaation  along 
the  ray  paths  involved  may  present  a  problemi  This  problem  is  also  undor 
investigation  at  this  time.  The  final  answer  will  not  be  available  until 
actual  GLCTRAC  data  is  available.  The  adequacy  of  the  presently  kno>A 
refraction  correction  methods  vd.ll  be  clearly  indicated  by  an  examination  of 
the  residuals  from  our  adjustment. 

Planning  Schedule  Present  plans  call  for  testing  of  this  system’s 
(Segment  I }  equipment  to  be  conducted  in  late  epring  and  early  summer  of  1963; 
Segment  I  is  to  be  operational  by  late  summer  1963. 

The  prelimlnaty  test  program  calls  for  four  GLOTRAC  vans  to  bo  In- 
stelled  and  tested  at  temporary  locations  from  time  of  arrival  at  Patrick  AFB 
until  permanent  sites  are  available.  Vans  will  bs  installed  and  operated  at 
MK  II  Azusa  site,  the  Technical  Laboratory  site,  Jupiter  site  and  MK  I  Azusa 
at  Grand  Bahama  Island  site.  Test  directives  will  be  wrttten  for  aircraft 
and  missile  tracking  teats  and  these  tests  will  be  conducted  to  obtain  the 
necessary  data  for  GLOTRAC  network  prelijalnalV  evaluation.  These  tests  will 
include  chassis  tests,  sub-system  tests  and  Complete  van  tests  preceding 
qualitative  aircraft  tracking  teats  with  three  and/or  four  vans  operating 
simultaneously. 

When  the  GLOTRAC  equipment  is  installed  at  permanent  sites,  all 
tests  up  to  and  including  the  complete  van  taats  will  be  conducted  again. 
Missile  tests  will  be  conducted  at  the  permanent  sites  and  an  evaluation  of 
the  performance  characteristics  and  accuracy  of  the  eyetem  will  bo  made. 
Results  of  the  evaluation  will  be  used  to  codmit  the  GLOTRAC  network  on  an 


op6rat»ional  basis  t 

Future  Aonlloations  If  our  hopes  for  the  GLOTRAC  System  Indeed 
materialize  and  the  adjustment  poesesses  the  power  which  it  appears  to  have  at 
present,  we  may  actually  use  the  GLOTRAC  data  to  improve  positioM  of  many  of 
ovir  down  range  tracking  sites.  Also,  the  us#  of  the  OlOTRAC  System  ^th  an 
orbiting  vehicle  could  possibly  provide  uo  improved  geodetic  information. 

Since  the  GLOTRAC  equipment  is  easily  tranepbrtablo,  it  is  not  unlikely  that 
this  equipment  or  some  similar  to  it  may  be  placed  on  board  ocean-going 
vessels  to  provide  this  extremely  accurate  coverage  in  geographical  areas  now 


In  closing,  I  will  say  that  the  redundancy  of  the  GLOTRAC  System, 
when  combined  with  the  other  existing  range  instrumentation,  can  lead  to  the 
improvement  of  all  precise  range  data.  Undoubtedly,  at  some  future  date  wm- 
binations  of  the  GLOTRAC  methods  with  the  Best  Estimate  of  Trajectory  methods 
will  lead  to  extremely  good  quality  trajectory  information. 
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ADVANCED  RANGE  INSTRUMENTATION  SHIPS 
ABSTI^CT 


A  brief  description  of  the  past  and  current  use  of  instrumented 
ships  on  Atlantic  Missile  Range  (AMR)  will  be  given.  As  new 
requirements  were  placed  on  the  Range,  it  became  necessary  to 
provide  more  advanced  ship  capaijillties  which  led  to  the  develop¬ 
ment  of  ARIS  1  and  2. 


The  ARIS  1  eqvdpment  conflgxiratlon  and  operating  concepts  are 
briefly  described  as  is  the  proposed  method  of  picking  up  data 
from  the  ship  at  sea. 


The  reduction  of  data  at  AMR  from  a  typical  ARIS  mission  is 
developed  and  finally  a  description  of  AMR  Plans  for  the  ships 
evaluation  is  presented. 


PAST  AND  PRESENT  UTILIZATION  OF  SHIPS  ON  AMR 


The  use  of  Instrumented  ships  on  AMR  started  with  simple  te¬ 
lemetry  ships  operating  in  the  200-megacycle  band.  (Pig.  1) 

The  Twin  Palls,  a  converted  Victory  ship  came  on  the  Range  in 
1961  primarily  to  support  the  Pershing  program.  It  was  de¬ 
signed  to  acquire  accurate  radar  trajectory  data  which  could 
be  transformed  to  a  known  point  In  a  land-based  coordinate 
system.  (Pig.  2)  This  required  a  high  precision  radar  and 
stable  reference  system  as  well  as  an  accurate  means  of  locat¬ 
ing  the  ship.  (Pig.  3)  Experianob  in  the  use  of  this  system 
has  shown  that  the  radar  Itself  yrt-ll  perform  with  essentially 
the  same  precision  on  a  ship  as  on  land.  Additional  errors 
are  in  the  neighborhood  of  100  feet  in  survey  while  the  ship 
is  in  LORAC  areas,  and  a  peak  of  1  1/2-mllllradlans  radar  e3?ror 
caused  by  ships  motion  Induced  lag  eri-ors.  Post-flight  cor¬ 
rections  to  lag  errors  are  about  o5^  effective.  VOien  the  Twin 
Palls  is  operated  out  of  the  LORAC  area  of  coverage,  survey 
errors  up  to  three  miles  may  be  expected.  Pig.  4  shows  the 
accuracy  experienced  with  Twin  Falls  data  during  I96I. 

The  DAMP  ship  equipped  with  a  "0"  band  and  UHF  radars  was  de¬ 
signed  primarily  to  produce  cross-section  data  and  has  had  very 
limited  AMR  usage. 

NEW  SHIP  REQUIREMENTS  ON  AMR 

More  advanced  programs  coming  to  the  AMR  have  dictated  new 
requirements  for  Instrumented  ships.  Among  these  are: 
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1.  Accurate  trajectory  Information  on  small  targets  at 
long  ranges. 

2.  Accurate  cross-section  data  at  several  frequencies. 

3.  Simultaneous  data  on  more  than  one  target. 

4.  More  advanced  telemetry. 

5.  Accurate  survey  information  in  broad-ocean  areas. 
MISSIOK  OF  ARIS  1  AND  2 

In  1961j  a  contract  was  let  to  the  Speri>y  Gyroscope  Company  to 
instrument  two  advanced  range  instrumented  ships.  The  priory 
mission  of  these  ships  is  to  gather  terminal  data  on  ballistic 
missiles  in  areas  where  land-based  Instinunents  will  not  provide 
coverage.  This  will  provide  data  fOr  evaluation  of  overall 
missile  system  performance  as  welt  as  penetration  aids  studies. 
Secondary  benefits  will  be  nose-cone  recovery  and  texminal  area 
weather  data.  These  ships  will  haVe  extended  czniising  ranges 
and  the  ability  to  remain  on  station  for  long  periods  of  time. 

Pig.  5  shows  a  possible  deployment  of  ARIS  1  and  2.  One  ship 
is  about  10  NM  from  the  intended  impact  point  while  the  other 
is  about  100  NK  uprange  and  offset  30  NM  from  the  plane  of  the 
trajectory.  This  deployment  provides  side-aspect  angle  and 
nose-on  tracking  coverage.  If  another  tracking  ship  is  avall- 
ablei  it  could  be  used  to’  obtain  mid-course  metric  data. 

ARIS  1  and  2  are  converted  C-4  ships,  520- feet  long  and  with  a 
beam  of  72  feet  and  a  draft  of  25  feet.  Maximum  sustained  speed 
Is  17  knots  and  the  cruising  range  is  in  excess  of  5000  miles. 
The  ships  are  equipped  with  large  tracking  antennas  and  a  navi¬ 
gation  system  which  will  be  used  to  measure  accurately  the 
trajectories  of  ballistic  mlssilest  The  reflection  character¬ 
istics  of  various  types  of  bodies  feenterlng  the  atmosphere  will 
be  determined  at  frequencies  in  the  C,  L  and  X  bands.  They  will 
also  receive  and  track  telemetry  signals.  All  functions  which 
are  necessary  for  the  gathering  and  recording  of  signatwe  and 
trajectory  data  are  provided. 

Instrumentation  Equipment  and  Operation 

The  ARIS  ships  can  be  easily  identified  by  their  radar  and 
telemetry  antennae  as  seen  in  Fig.  6.  The  primary  tracking 
device  is  a  C-band  radar  set  utilising  a  parabolic  reflecting 
antenna  30-feet  in  diameter.  A  dual  frequency  L  and  X-band 
antenna  40-feet  in  diameter  gathers  signature  information  while 
slaved  to  the  C-band  antenna  position.  The  30-foot  telemetry 
dish  tracks  passively  in  angle  and  if  It  starts  tracking  before 
the  C-band  radar  acquires  the  missile,  it  will  provide  master 
designation  angles,  other  distinguishing  features  above  decks 
include  the  navigational  star  tracker  and  the  meteorological 
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balloon  tracker.  Not  visible  from  outside,  but  suspended  from 
the  supporting  base  of  the  star  tracker,  is  the  ship's  Inertial 
Navigational  System  (SINS).  Th0  radar  electronics,  communi¬ 
cations  equipment,  operations  control  center  and  data  handling 
equipment  are  located  below  deqks.  The  data  handling  equipment 
consists  of  a  UNIVAC  1206  Computer  and  the  Central  Data  Con¬ 
version  Equipment  (GDCE). 

The  C-band  radar  will  provide  trajectory  data  on  a  primary  and 
two  secondary  targets  simultaneously.  The  X  and  L  radars  pro¬ 
vide  signature  data  on  the  primary  and  two  secondary  targets 
simultaneously. 

The  stablllzation/navigatlon  sub-system  provides  inertial  navi¬ 
gation  Information  updated  from  star  fixes  and  sonar  beacon 
fixes  as  well  as  data  stabilization  against  ships  motion  and 
accurate  heading  and  vertical  references. 

The  telemetry  sub-system  is  an  acquisition  aid.  It  receives 
and  records  telemetered  data  from  the  test  vehicle  and  retrans¬ 
mits  recorded  data  to  near-by  aircraft  for  transportation  to 
the  data  reduction  facility. 

The  flexure  monitor  sub-system  measures  ships  flexure  between: 

1.  Star  tracker/SINS  and  0-band  barbette 

2.  C-band  barbette  and  LX«band  barbette. 

This  data  is  used  for  both  real*time  and  post-flight  data  cor¬ 
rection.  The  sub-system  IncludtB  a  two-axis  monitor  for  pitch 
and  yaw  and  a  twist  autocolllmabor  for  roll. 

The  data  handling  sub-system  consists  of  the  Data  Frooessing 
Equipment  (DFE)  and  Central  Data  Conversion  Eqid.pnent  (CDCSy. 
The  functions  of  the  DPE  are  to  provide: 

1.  Shipboard  calculations  of  designate  and  navigation 
Information. 

2.  Real-time  displays  and  posltlon/veloolty  solution  for 
transmission. 

3.  Computer  aided  tracking  information. 
h.  Data  fomatting. 

The  CDCE  functions  are  to 

1.  Provide  communications  control  between  the  oosq^uter 
and  all  other  equipment. 

2.  Make  necessary  data  conversions  for  this  oommvmlcatlon. 
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3.  Record  primary  data,  auch  as  orosa-aectlon  and 
trajectory. 

I’he  timing  sub-system  is  designed  with  a  basic  accuracy  of  five 
parts  in  10^ vday  in  real  time  and  Will  remain  correlated  with 
Cape  Canaveral  timing  to  better  than  10  milliseconds. 

The  communications  sub-system  provides  the  following  capabilities: 


High  Frequency 

Ship-to-Shlp 

Ship-to- Aircraft 

Ship-to-Shore 

Very  High  Frequency 

•• 

Shlp-to- Aircraft 

Ship- to- Recovery  Vehicle 

Ultra  High  Frequency 

- 

Ship - to - Aire  raft 

Very  Low  Frequency 

- 

ShOre-to-Shlp 

Plus  intercom  and  FA  systems 

The  meteorological  sub-system  provides  the  standard  weather 
observations  and  Includes  an  Arcus  rOoket  launch  facility. 

The  Operations  Control  Center  (OCC)  provides  centralized  control 
and  consists  of  the  following: 

1.  Trajectory  plotter 

2.  Designate  control  console 

3.  Master  control  console  for  the  Ships  Operations  Manager 
and  the  Ships  instrumentation  Manager. 

Some  of  the  OCC  functions  are: 

1.  Select  master  sensor 

2.  Monitor  system  status 

3.  Control  ships  course  and  poflltlon 

4.  Coordinate  all  activities  with  AMR. 
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Instrumentation  System  Operational  Pi^ocedures 


The  general  operational  procedure  of  the  ARIS  ships  Is  as 
follows; 


1.  The  ships  sail  prescribed  courses  In  the  vicinity  of 
the  expected  impact  pQlnt,  measuring  position  accu¬ 
rately  with  reference  to  surveyed  sonar  beacons, 

2.  The  communications  sub^system  receives  post-bumout 
orbital  parameters  from  Cape  Canaveral  via  teletype. 

3.  The  computer  integrates  the  equations  of  motion  of 
the  missile  faster  than  real  time  to  determine  an 
acquisition  point  prior  to  the  missile’s  arrival. 

Using  measured  values  of  latitude  and  longitude  from 
SINS4  the  result  is  a  continually  corrected  stable 
acquisition  point  relative  to  the  ship. 

4.  SINS  supplies  heading,  pitch  and  roll  through  CDCE 
which  the  computer  combines  with  the  acquisition 
point  to  produce  designation  orders  In  deck  coordi¬ 
nates  at  a  rate  of  ten  samples  per  second. 

5.  CDCE  converts  digital  designation  orders  to  synchro 
voltages  for  positioning  the  antennae. 

6.  The  tracking  antenna  which  first  acquires  the  missile 
signals  the  Designate  Controller  who  designates  that 
antenna  as  master. 

7.  The  other  antennae  are  slaved  to  the  master  through 
CDCE  with  corrections  for  ship's  flexures. 

C.  Vlien  the  0-band  radar  acquires  the  mlbBlle,  CDCE 
converts  trajectory  and  signal  strength  data  to 
digital  form  and  records  on  magnetic  tape. 

9.  The  computer  smooths  trajectory  data  by  providing  a 
least  squares  fit  of  3I  points  to  a  cubic  cxirve. 

10.  Based  on  the  predicted  missile  trajectory,  up-to-date 
position  orders  are  maintained  at  ten  samples  per 
second  In  case  the  radar  loses  track.  To  assist  In 
tracking  through  reentry,  a  computed  angular  velocity 
terra  allowing  for  air  density  and  balllstlca  is 
supplied  to  the  tracking  servos. 

11.  The  missile  path  is  plotted  from  acquisition  to  Impact. 
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ARIS  Operating  Modea 


■Routine  operating  procedures  aboard  ship  specify  periodic 
celestial  or  SONAR  fixes  and  instrumentation  checkout.  Most 
of  the  time  the  data  handling  system  will  be  in  the  navigation 
mode.  During  this  mode,  the  ODfiE  converts  latltude>  longitude, 
heading,  pitch  and  roll  synchro  data  from  SINS  to  digital  fora 
and  enters  them  Into  the  computar.  Time  from  the  ship's  time 
mode  generator  Is  bviffered  in  also.  Using  these  data  and  star 
coordinates  manually  selected  from  a  stored  table,  the  computer 
generates  star  tracker  designation  angles.  CDCE  converts  the 
star  designation  data  to  synchro  form  to  position  the  star 
tracker.  After  acquisition,  CDOE  reads  digital  star  tracker 
angles  Into  the  computer  for  processing  position  fixes.  SIMS 
reset  orders  are  supplied  by  CDOB  as  voltage  levels  whose 
duration  Is  determined  by  the  oomputer.  The  prooeduz>e  Is 
similar  for  SONAR  fixes  except  that  SONAR  readings  are  entered 
Into  the  oomputer  manually. 

Periodically,  but  always  prior  to  a  shoot,  the  Instrumentation 
equipment  Is  placed  In  a  checkout  mode.  For  the  most  paiPt,  the 
sub-systems  perform  their  checkouts  Independently,  but  final 
checks  are  run  with  the  computer,  CDCE  and  the  other  sub-systeme 
tied  together.  Pre-  and  post-Shoot  radar  calibration  runs  are 
made  recording  data  on  CDCE  tapes.  After  a  mission,  the  computer 
and  CDCE  receivers  are  used  to  translate  recorded  data  Into  a 
fomat  suitable  for  transmi.S3ion  or  transportation  to  the  data 
reduction  center. 

During  a  mission,  the  computef  program  is  in  the  Deslgnatlon- 
Acqulsltlon-Track  mode  while  CDCE  is  converting  SINS  synchro 
angles,  AC  flexures  and  DC  signal  strengths  to  digital  form, 
entering  them  Into  the  computer,  and/or  recording  them.  The 
sample  rate,  sequence,  and  synohrcnisatlcn  are  controlled  by 
CDCE.  AC  analog  outputs  are  provided  for  flexure  oorreotlons 
and  regenerative  tracking  terms,  and  DC  for  plotting.  Varioua 
Interconnections  sure  effected  by  CDCE  on  command  of  the  Desig¬ 
nate  Controller  in  the  Operations  Control  Center.  The  con¬ 
troller  determines  whether  thi  computer,  C-band  radar,  or 
telemetry  should  be  master  by  evaluating  sub-system  status  Indi¬ 
cators,  Intercom  information  Ahd  the  trajectory  plot. 

In  summary,  the  shipboard  data  processing  for  navigation,  check¬ 
out,  formatting,  designation,  acquisition  and  tracking  are 
accomplished  by  the  Computer,  All  communications  between  the 
computer  and  the  other  instrumentation  sub-systems  (with  the 
exception  of  teletype)  and  data  recording  are  controlled  by  the 
Central  Data  Conversion  Equipment. 

DATA  PICK-UP 


The  Introduction  of  data  plck»Up  by  aircraft  on  the  AMR, 
particularly  from  ARIS  1  and  if  follows  the  successful  evaluation 
of  this  system  by  33D  In  coopJratlon  with  PMR.  Pig.  7  shows  a 
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JC-130A  aircraft  picking  up  a  data  package  from  an  ARIS  oper¬ 
ating  4000  to  5000  NM  downrange, 

Data  preparation  aboard  ship  for  aircraft  pick-up  will  take 
about  six  hours.  Aircraft  data  delivery  mission  time  will 
take  four  hours,  with  one  hour  Qf  low  altitude  flying  time  for 
the  actual  pick-up.  Thus,  the  J0-13OA  pick-up  range  will  be 
1150  NM.  Once  delivered  to  a  range  station,  the  retwn  to 
Patrick  APB  depends  on  the  data  processing  schedule  urgency. 
Normally,  the  data  will  be  returned  by  a  HATS  scheduled  air¬ 
liner  which  makes  three  weekly  trips.  Earlier  delivery  may 
be  made  by  non-scheduled  flight!,  Or,  if  priority  permits, 
special  aircraft  may  be  used,  since  the  average  flying  time 
is  17  hours  from  Ascension  to  Patrick  AEB. 

After  splash  or  loss  of  target  by  the  ship,  all  recorded  tra- 
Jeot.iry  and  nontrajectory  radar  data,  telemetry  and  pre-flight 
calibration  data  can  be  picked  up  within  one  hour.  Under  these 
conditions,  on-statlon  telemetry  aircraft  can  make  the  plok-up 
without  scheduling  a  separate  mission.  In  the  case  of  extensive 
post- flight  data,  or  if  there  1|  no  need  for  telemetry  aircraft, 
a  flight  will  be  Initiated  aftep  splashi  this  will  depend  on  the 
ship's  preparation  time. 

For  a  typical  test  mission,  wei^t  of  the  data  tapes  will  be 
small  compared  to  that  of  the  water-tight  pick-up  container. 

This  results  in  a  weight  of  about  83  pounds.  The  master  tapes 
will  be  kept  aboard  ship  for  tapa  reproduction  as  needed. 

Pick-up  is  achieved  by  launching  a  balloon  kite  to  an  altitude 
of  about  aOO  feet  and  attaching  It  to  the  package  to  be  re¬ 
trieved.  The  balloon  has  a  loop  which  is  caught  by  the  arrest¬ 
ing  gear  aboard  the  aircraft.  The  aircraft's  friction  brake 
wiijiilj  and  ths  nylon  line  cimxao'tsrlotlcs  r^iiuce  naokage  ac¬ 
celeration  and  the  balloon  station  increases  vertical  lift  rrom 
the  deck  of  the  ship.  The  reverse  transfer  may  be  made  with 
the  aid  of  a  parachute,  allowing  the  package  to  be  hauled  to 
the  ship's  deck.  This  allows  a  transfer  In  which  the  package 
is  always  in  physical  contact  with  the  aircraft  or  ship. 


OPERATIONAL  DATA  PROCESSINQ 


Data  Processing  for  ARIS  will  consist  almost  entirely  of 
techniques  already  familiar  to  /tfWTC  Data  Processing  people. 

The  computer  routine  for  ARIS  can  quite  properly  be  described  as 
massive;  it  will  be  unique  in  size  but  not  In  technique.  The 
proposed  processing  scheme  will  be  virtually  automatic  as  re¬ 
gards  a  standard  output  of  trajectory  data.  Impact  location,  and 
radar  cross-section  (magnetic  tape  and  tabular  output),  (See 
Pig.  8) 


The  following  pre-processing  programs  will  be  used; 

Input  -  (raw  data  on  one-half  inch  magnetic  tape  from  ship) 

1.  Missile  trajectory  data,  signal  strengths  and  e^ror 
signals. 

2.  Pre-  and  post-calibration  navigation  data. 

3.  Pre-  and  post-calibration  radar  data. 

4.  Missile  signature  data. 

Other  Inputs  will  be: 

1.  AMR  processed  weather  data. 

2.  Station  constants. 

3.  Digitized  boreslght  film  data. 

The  first  Job  of  the  program  will  bl  to  edit  and  summarize  the 
data  by  determining  such  Items  as: 

1.  Amount  of  data. 

2.  Time  history  of  switch  conditions. 

3.  Rough  estimate  of  varlano*  and  the  number  of  bad 
points  replaced. 

Editing  can  be  performed  on  all  of  the  trajectory  parameters  by 
obtaining  output  of  the  number  of  points  edited,  and  making  a 
rough  estimate  of  variance  to  Indicate  quality  or  data,  pre- 
and  post-calibration  SINS  data  will  be  treated  by  comparison  with 
SONAR.  Program  option  allows  printout  of  any  parameter  with 
first  and  second  differences.  The  output  of  the  pre-processing 
program  will  be  magnetic  tape  containing  the  necessary  constants 
and  edited  data. 

The  flow  of  data  thi-ovigh  the  Reduction  Program  may  be  described 
as  follows  for  trajectory  data; 

1.  Magnetic  tape  Input  containing  all  trajectory  parameters 
and  necessaiTy  supplemental  Information  such  as  filtering 
parameters  and  weather  data. 

2.  C-band  radar  will  be  combined  with  error  signal  data 
to  produce  A,  £,  R  data  of  each  object  being  tracked. 

The  error  signal  data  Is  also  saved  for  signature 
processing. 

3.  Correction  of  all  parametlrs  (removal  of  known  errors). 
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4,  TransTormation  of  radar  data  to  required  coordinate 

systen,  utilizing:;;  navigation  and  flexure  data. 

5,  Computation  of  impact  point  and  error  ellipse. 

Signature  data  nr-ooessinj  consists  of  determining  the  effective 
radar  croos-soocion  area  of  the  target  for  the  C,  L  and  X-band 
frequencies,  relative  to  that  of  a  calibration  balloon:  Antenna 
beam  p.attern  attenuation,  atmospheric  attenuation  and  slant 
ranje  data  arc  utilized  in  the  calculations. 

An  average  mission  will  produce  two  to  three  7200-foot  reels  of 
magnetic  tape,  nlur,  fotir  to  six  rolls  of  strip-chart  recordings. 
3o.-c-sight  film  is  35-mm  movie  film;  the  quantity  will  be  small. 

i)F,T/\II.20  /.VALUATION  FLAN 


Oenerai 


An  overall  program  has  been  planned  to  encompass  the  testing  of 
T.ne  ship's  instrumentation  s:-otcm.  The  acceptance  test  program, 
v.-hlc:-.  .Includes  botl'.  fr.nctionai  and  quantitative  tests,  began  as 
t;:c  Individual  sub-systems  were  in  their  final  stages  of  manu¬ 
facture.  These  .'’nctory  tests  included  complete  acceptance  tests 
cn  some  components  and  limited  tests  on  others.  All  sub-system 
testing  vjill  *00  comp]etcd  after  the  Individual  sub-systems  arc 
Installed  on  the  ship.  At  the  completion  of  the  Individual 
tests,  uocksl  ic  system  integration  tests  will  be  performed. 

The  evaluation  program  will  commence  as  each  ship  sails  from  the 
siiipyard  enroutc  to  the  AMR.  At  this  time,  all  acceptance  tests 
vrill  have  been  performed.  The  evaluation  program  will  perfomi 
'j  metric  evaluiation  of  the  capabilities  of  the  ship's  instrumen¬ 
tation  system  based  on  a  working  and  integrated  system.  The 
evaluation  e'Tort,  has  been  planned  to  encompass  a  period  of 
Ir.c  •.•.•eehr:  for  each  ship.  This  is  knov/n  to  be  a  "tight" 

..  .Ic,  uni  v;ili  require  an  efficient  and  coordinated  program 
:  come  degree  of  range  priority  to  have  a  reasonable 

.  ...r. :c  of  completion  on  schedule. 

Iverc-  are  basically  three  objectives  in  the  evaluation  program. 
T'.eso  are; 

1.  To  demonstrate  the  capability  of  the  systen  to  operate 
’.within  the  specified  accuracies. 

To  provide  data  vjiiich  will  nerve  as  a  basis  for  the 
system  calibration. 

developing  a  long-term  analysis 
after  ocmriitment  of  s.hips  to 


To  provide  ~  basis  i’or 
and  evaluat'en  pi-ogratr. 
range  support. 
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The  calibration  of  the  system  and  the  check  or.  the  accuracy  are 
interdependent  objectives  which  result  from  the  manner  in  which 
the  accuracies  are  specified  in  the  Air  Force  Technical  Exhibit. 
Thio  exhibit  states  that  accuracy  values  refer  to  reduced  and 
corrected  data.  Therefore,  the  evaluation  program  will  first 
determine  the  systematic  errors  by  means  of  statistically 
selected  data  runs.  These  errors  will  be  removed  by  proper 
corrections  to  the  operational  data  reduction  program,  thus 
calibrating  the  system.  The  data  will  then  be  reprocessed, 
using  the  corrected  calibration  of  the  system.  By  this  means, 
the  evaluation  program  objectives  of  calibration  and  accuracy 
determination  will  be  met. 

The  planning  effort  for  the  evaluation  period  was  divided  into 
two  phases:  the  experiment  design  and  the  evaluation  plan. 


Evaluation  Flan 


The  initial  phase  of  the  planning  program  consisted  mainly  of 
mathematical  work  designed  to  determine  the  basis  for  the 
preparation  of  the  evaluation  experiments.  The  mathematical 
work  Included  consideration  of  the  three-step  data  handling 
process:  operational  data  reduction,  data  differencing,  and 
regression  to  determine  the  error  model  coefficients.  These 
three  steps  will  provide  a  closed-loop  handling  of  the  data 
from  the  evaluation  experiments.  The  experiments,  in  turn, 
have  been  designed  to  produce  data  of  the  type  and  quantity 
required  for  the  application  of  this  three-step  data  handling 
process. 

The  operational  data  reduction  will  correct  and  adjust  the  raw 
experimental  data.  This  effort  will  provide  Inputs  to  both  the 
data  ulffcrcncing  and  negn«»saion  steps.  In  the  data  differenc¬ 
ing,  the  reduced  data  will  be  compared  with  data  from  a  suitable 
standard  instrument.  The  difference  data,  when  statistically 
analyzed,  will  provide  the  logic  necessary  to  demonstrate 
compliance  with  the  specified  system  requirements. 

The  regression  will  effectively  close  the  loop  by  determining 
the  error  model  adjustments  to  be  made  on  the  raw  data  during 
the  operational  reduction  effort.  The  adjustment  procedures 
have  been  designed  to  correct  the  raw  data  for  systematic 
errors  In  the  instrumentation.  By  requiring  that  the  difference 
data  be  a  minimum  in  the  least  square  sense,  suitable  values  of 
the  error  model  coefficients  will  be  obtained,  proper  determi¬ 
nation  of  these  coefficients  will  result  in  reduced  data  which, 

In  a  sense,  will  have  been  corrected  for  calibration  type 
deviations  and  which  will  more  realistically  portray  the  accuracy 
capability  of  the  system. 

To  implement  the  data  handling  steps  outlined  above,  an  error 
model  has  been  generated  to  fulfill  the  requirements  set  forth  in 
the  regression  pi^ocedure.  In  addition,  every  effort  has  been 
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made  to  Insure  that  the  data  received  from  the  experiments  will 
be  of  a  type  which  will  allow  the  subsequent  calibration  or 
adjustment  of  the  error  model  ooefflolents.  The  variation  of 
data  parameters  is  of  essential  Importance  In  this  consideration. 
The  statistical  basis  for  the  evaluation  program  has  been 
investigated  to  determine  the  sampling  parsuneters  such  as  length 
of  data  runs,  number  of  times  a  test  must  be  run  and  similar 
considerations  which  will  result  in  a  relatively  high  confidence 
level. 

Experiment  Design 

The  experiment  design  phase  of  the  planning  effort  has  been 
closely  coordinated  with  the  evaluation  planning  program.  This 
insui'es  that  the  data  produced,  as  a  result  of  these  experiments, 
meets  the  needs  of  the  mathema^cal  and  statistical  procedures 
developed  for  the  data  processing.  The  experiments  whloh  are 
planned  for  system  evaluation  are  based  on  the  use  of  aircraft, 
balloons,  satellites  and  missiles  of  opportunity.  The  evalu> 
ation  program  as  planned  does  not  necessarily  demonstrate  all 
of  the  quantitative  and  qualitative  requirements  of  the  Teohni> 
cal  Exhibit.  The  program  is  ,  however,  designed  to  cover  those 
portions  which  are  not  covered  by  the  Dockside  System  Acceptance 
or  System  Integration  Tests.  Through  a  combination  of  these 
dockside  tests  and  the  evaluation  program,  a  demonstration  has 
been  made  of  compliance  with  all  of  the  Technical  Exhibit 
requirements  whenever  feasible. 

Due  to  the  limitation  imposed  by  time  and  cost  considerations, 
it  was  not  possible  to  design  a  progreun  which  would  provide 
test  data  in  every  combination  of  geometry,  rates  and  acceler¬ 
ations,  or  other  parameters  as  defined  by  the  Technical  Exhibit. 
In  order  to  complete  the  evaluation  over  the  Range  of  the  techni¬ 
cal  exhibit  requirements,  it  is  necessary  to  extrapolate  the  data 
Into  values  not  covered  by  the  particular  experiments.  The 
amount  and  appropriateness  of  extrapolation  Into  particular 
areas  varies  between  experiments.  For  Instance,  It  Is  possible 
to  track  an  aircraft  over  the  full  range  of  azimuth  angles  and 
nearly  the  full  range  of  elevation  angles  prescribed  by  the 
technical  exhibit.  But  it  is  not  possible  to  provide  experi¬ 
mental  conditions  which  will  give  tracking  at  the  maximum 
angular  rates  or  accelerations  required.  On  the  other  hand,  it 
is  possihle  to  set  up  an  experiment  whloh  will  determine  the 
capability  of  measuring  the  seoondaiv  target  position  with  re¬ 
spect  to  the  first,  at  both  extremes  of  target  separation. 
Satellite  and  missile  tests  will  be  used  to  extend  the  range  of 
variables  as  much  as  possible. 

Description  of  Experiments 

In  order  to  demonstrate  the  capability  of  the  ARIS  System  to 
acquire,  track  and  determine  the  trajectory  of  a  primary  target 
(e.g,,  nose  cone)  with  respect  to  the  ship  to  a  high  degree  of  • 
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accuracy,  our  experiment  utilizes  a  single  target  aircraft, 
equippea  v;ith  appropriate  Instrumentation,  which  is  tracked 
simultaneously  by  range  instrumentation  and  the  ship's  instru¬ 
mentation.  The  position  of  the  ship  during  the  experiment  is 
verified  by  tracking  it  with  accurate  optical  instruments 
located  on  shore,  or  by  having  the  ship  at  dockside.  Data  are 
then  reduced  to  compare  the  deviation  between  the  target 
position  as  determined  by  the  APIS  System  and  by  range  instru¬ 
mentation,  which  in  this  case  is  the  standard  of  measurement. 
This  positional  data  will,  in  addition,  be  used  for  velocity 
computation. 

The  ability  of  the  system  to  observe  secondary  targets  and 
record  their  positions  with  respect  to  the  primary  target  will 
also  be  evaluated  in  this  experiment.  This  will  be  done  by 
flying  two  aircraft,  spaced  so  that  they  will  both  be  In  the 
radar  beam  for  a  portion  of  the  flight  path.  Both  aircraft 
will  be  tracked  by  range  instrumentation  to  determine  their 
spacing  while  the  ships  instrumentation  system  simultaneously 
tracks  the  targets  to  determine  the  position  of  the  second 
target  with  respect  to  the  first.  This  tracking  data  will  also 
be  used  to  determine  the  ability  of  the  system  to  compute  the 
velocity  of  a  se-ondary  target. 

The  ships  system  Is  required  to  measure  the  radar  cross-section 
of  a  target  at  L,  X  and  C-band  frequencies.  This  measurement 
must  be  made  to  within  ±3  db  (reduced  data)  for  primary  targets, 
decoys  and  fragments.  The  standard  deviation  shall  not  exceed 
3  db  for  observable  secondary  targets  which  are  within  0.4  of 
the  one-way  half-power  beam  width  from  beam  center. 

Metallized  six-foot  balloons  of  known  radar  reflection  charac¬ 
teristics  will  be  used  to  perform  the  experiment.  Balloons  will 
be  released  from  the  ship,  acquired  and  tracked  by  the  Star 
Tracker  telescope  to  a  point  outside  of  the  minimum  range  of 
the  radars  and  then  skin  tracked  until  they  reach  an  altitude 
of  approximately  60,000  feet.  The  balloon  rise  will  be  limited 
to  a  pressure  corresponding  to  approximately  60, 000- foot  alti¬ 
tude  automatically.  Tracking  will  continue  until  a  slant 
range  of  over  100-nautical  miles  is  reached.  This  test  will 
also  be  run  using  a  six-inch  sphere  attached  to  a  balloon. 

During  these  runs,  data  will  be  gathered  at  specified  range 
Intervals,  by  three  radars,  in  two  polarization  modes,  ad¬ 
ditional  data  will  be  gathered  in  a  similar  manner  except  that 
the  radar  beams  will  be  offset  to  simulate  the  observation  of 
a  secondary  target.  This  will  appear  to  place  the  target  near 
the  half-power  beam  width  point. 

Another  experiment  Is  designed  to  evaluate  the  accuracy  of  the 
shipboard  instrumentation  in  determining  ship  position  in  geo¬ 
detic  coordinates.  By  conducting  an  actual  SONAR  beacon  sowing 
and  benchmarking  operation  and  by  navigating  by  means  of  the 
beacons,  the  Stabilization-Navigation  Sub-system  will 
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determine  ship  position  In  astronomical  coordinates  and  obtain 
the  geodetic  position  by  applying  the  known  gravity  anomaly  for 
the  test  area. 

The  placement  of  the  beacons  will  be  In  water  depths  ranging 
from  1000  to  3000  fathoms.  The  ship  will  locate  the  beacons  by 
measuring  the  slant  ranges  to  them,  at  the  sane  tine  determining 
Its  own  position  by  celestial  fixes.  Prom  a  knowledge  of  the 
water  depth  and  slant  ranges  at  various  ship's  positions,  the 
position  of  the  beacons  will  be  determined.  The  ship  will  then 
navigate  by  means  of  the  SONAR  beacons,  and  Its  position  will  be 
compared  to  the  ships  position  as  determined  by  Lorac  B  to 
evaluate  the  system.  The  technical  exhibit  requires  that  the 
system  be  capable  of  planting  and  locating  a  SONAR  beacon  to  a 
vector  error  of  13^0  feet.  In  addition,  the  ship  must  be  able 
to  locate  Itself  with  respect  to  the  SONAR  beacon  to  a  vector 
error  of  300  feet  rms. 

The  ability  of  the  system  to  perform  this  function  will  be 
evaluated  by  actually  carring  out  an  operation  In  placement, 
location  and  navigation  from  these  beacons.  fOr  the  purpose 
of  the  experiment,  the  beacons  will  be  placed  In  the  vicinity 
of  Great  Abaco  Island  in  the  Little  Bahama  bank.  This  area 
has  water  of  sufficient  depth  and  is  within  the  range  of  the 
Lorac  B  net,  which  can  determine  the  ship's  location  to  suf¬ 
ficient  accuracy  to  be  used  as  a  standard  of  measurement. 

Throughout  the  nine  week  evaluation  period,  as  scheduling 
permits  It  Is  planned  that  the  ship  will  track  satellites  and 
missiles  of  opportunity  on  a  non-support  basis.  These  tests 
will  determine  the  ships  ability  to  acquire  and  trank  live 
targets  under  realistic  operating  conditions.  They  will  be 
scheduled  as  often  as  possible  In  order  to  supplement  data 
gathered  In  the  previously  described  tests. 

Acquisition  by  telemetry,  star  tracker,  real-time  orbital 
elements  and  classical  orbital  elements  in  the  case  of  satel¬ 
lites  will  be  attempted.  Lists  of  useable  satellites  and 
available  missiles  will  be  prepared  for  the  period  of  the  evalu¬ 
ation.  Some  of  these  tests  which  might  require  operation  down- 
range  beyond  the  Bahamas  will  have  to  be  conducted  after  the 
nine  weeks  because  of  the  excessive  steaming  time  involved. 

These  tests  will  be  primarily  operational  in  natwe  and  will 
assist  in  developing  operator  confidence  and  techniques  as  well 
as  serving  to  round  out  the  data  gathered  In  the  evaluation. 
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THE  ERRORS  OT  INERTIAj^  GXnPANCK  SYSTEMS 


A  survey  of  the  activities  of  the  Central  Xheirtial 
Guidance  Test  Facility  at  Holloman  Air  Force  Base, 
New  Mexico.  Compiled  by  Dr.  Martin  G.  Jaenke, 
Technical  Advisor  to  the  Deputy  of  Giiidance  Test. 


I.  INTRODUCTION 

The  Central  Inertial  Quidance  FaciUty  (CICTF)  of 
the  Air  Force  Missile  Development  Center  (AFMDC)  at 
Holloman  AFB,  New  Mexico,  seryps  At  an  inter-agency  Ihcility 
for  the  developnent  testing  of  guidance  systems.  Among  the 
many  points  of  view  which  are  relevant  in  guidance  testing,  e.g. 
the  problems  of  reliability,  repeatability  and  environmental  sensitivity, 
the  determination  of  their  accuracy,  their  calibration  or  the 
evaluation  of  their  errors,  is  thought  to  be  of  most  direct  Interest 
to  this  audience.  Therefore,  besidos  giving  rudimentary 

V/ 

background  information  to  the  uninitiated  in  guidance  techniques, 
this  paper  endeavors  to  outline  a  baaic  analysis  of  the  errors 
encountered  in  the  evaluation  of  tha  errors  of  guidance  systems. 

Due  to  the  high  quality  of  present  day  and  ihture  guidance  systems, 
the  provision  of  sufficiently  accurate  calibration  standards,  i.s 
range  instrumentation  or  reference  systems,  is  problematic  and 
thus  this  point  of  view  will  be  empbasisod. 

The  mathematics  to  be  used  are  schematic  and  simplified  and 
thus  are  sufficient  only  to  indicate  trends.  One  must  bo  aware, 
however,  that  the  complete  mathematics  of  this  area  are 
extremely  complex  and  mostly  not  amenable  to  closed  form 
solutions.  Thus,  extensive  computer  slnmlation  studies  are 
needed  to  perform  a  fine  grain  error  analysis,  an  effort  which 
is  a  continuing  important  part  of  the  activities  of  the  CIGTF. 
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The  Uit  of  reference*  ahow*  a  relative  abundance  of  unpubUahed 
note*,  internal  memoranda  and  ofSLce  correapondence,  an  indication 
of  the  fact  that  the  art  of  guidance  teating  is  atill  under  active 
development.  It  ahowa  £irther  important  eontributiona  by  Space 
Technology  LAboratoriea  (STL)  whOj  under  contract  with  the  Air 
Force,  evaluate  the  guidance  ayatema  of  the  Uinuteman  and  Titan  II 
miasile*.  The  exchange  of  information  and  Idea*  with  STL 
waa  extremely  fruitful  and  it  la  hoped  that  thia  paper  will  open 
the  way  for  auch  diacuaaiona  on  a  wider  baaia. 
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n.  DEFINITION  OF  THE  SARORS  OF  INERyiAI.  GUIDANCS  SYSTEMS 

-I-  ’  ' 

The  basic  principle  (1)  of  inertial  guid^ce  is  the  maasureilMat 
of  acceleration,  a  function  vdtich  is  perfqfxned  by  inertial  accelerosnetcirs. 
To  allocate  a  defined  direction  to  the  measured  acceleration,  the 
platform  carrying  such  aceelerometfys  must  be  of  known  and  eontroUable 
orientation.  This  function  is  performed  by  gyroscopes,  which 
maintain  the  platform  in  a  given  reference  orientation  in  apace, 
and.  by  application  of  proper  torque •  to  the  gyro  gimbals, 
allow  this  orientation  to  be  changed  in  a  prescribed  manner. 

Due  to  the  integrating  action  of  the  gyros,  the  angular  turning  rates 
of  the  gimbals  axe  proportional  to  the  respective  torques  and  thus 
a  measurements  of  these  torques  provides  Information  on  the 
turning  rates  of  the  vehicle  carrying  the  platform  in  inertial  space. 

These  two  measured  quantities,  linear  acceleration  and  angular 
turning  rates  are  not  sutficient  to  perform  the  desired  guidance 
function.  It  is  rather  necessary  to  know  velocity,  in  particular 
"velocity  to  be  gained  "  if  the  vehicle  is  going  to  be  injected  kdo  ballistie 
or  orbital  flight  and  to  develop  difcrete  commands  for  teraaiaation 
of  thrust  and  correction  commands  for  the  attitude  control  of  the 
vehicle.  All  these  quantities  are  computed  from  the  original 
measurements  in  the  guidance  computer,  in  most  cases  a  digital 
computer.  Thus,  an  inertial  guidance  eystem  consists  of  the 
"Inertial  Measurement  Unit"  (IMU)<  the  etabiUsed  platform  carrying 
the  triad  of  accelerometers  and  the  gyroscopes  and  the  guidance 
computer  as  shown  in  Figure  1.  For  purposes  of  evaluation 
of  the  system,  the  quantities  of  interest  are  telemetered  to 
ground,  the  outputs  of  the  computer  through  POM,  the  outputs 
of  the  IMU  either  through  FM/FM  or  PCM  channels. 
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Inertial  Guidance  Systema  are  technical  syitexns  and  aa 
such  limited  in  their  accuracy.  Their  errors  are  partially 
systematic,  i.e.,  they  can  be  described  by  functional  relations, 
and  partially  random,  i.e.,  they  can  be  described  in.  statistical 
terms  only.  The  systematic  errors  can  be  compensated  for 
and  thus  eliminated,  at  least  theoretically,  if  sufficient  information 
about  them  is  available.  It  is  therefore  the  primary  goal  of 
guidance  testing  to  obtain  the  necessary  information  about  these 
systematic  errors  to  a  sufficient  degree  of  accuracy.  The  most 
important  systematic  errors  and  the  ensuing  error  models, 
where  definable,  are  listed  in  the  figures,  in  Fig  Z  and  Fig  3 
the  ones  of  the  basic  systems  components  and  In  Fig  4  the  ones 
which  are  not  directly  attributable  to  the  components  but  are 
characteristic  for  the  whole  systen^.  Assuming  that  it  is  possible 
to  formulate  a  comprehensive  error  tAodel  in  a  specific  case 
either  from  theoretical  considerations  or  from  a  care&il 
analysis  of  test  results,  it  is  then  neCSssary  to  determine 
the  error  coefficients  accurately  enough  to  achieve  desired  goals. 

One  of  such  goals  was  already  indicated,  namely,  to  obtain  suf£lelent 
information  for  the  compensation  of  the  errors  during  a  mission 
of  the  vehicle  of  which  the  guidance  System  is  a  part.  In  order  to 
define  the  necessary  accuracy  of  error  coefficient  determination, 
an  "Error  Budget"  has  to  be  established  wlUch  is  based  on  the  specific 
mission  requirements.  Selecting  as  a  representative  example 
an  ICBM  mlsBlon,  the  following  considerations  ciin  be  made: 

The  measure  of  accuracy  in  such  a  mission  is  the  CEP 
obtained  at  the  prescribed  range.  It  depends  on  the  conditions 
wdilch  prevail  at  the  moment  of  injection  into  ballistic  flight,  in 
particular  on  velocity  and  flight  path  angle,  both  conditions  which 
are  under  control  of  the  guidance  system.  The  dependency  on 
velocity  is  shown  in  Fig  5,  For  thd  present  demonstration 
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purposes  and  to  keep  this  paper  unclassified,  this  description  is 
derived  under  siznplifying  assumptions,  namely,  classical  eiliptical 
trajectory  in  a  central,  unperturbed  force  field,  non-rotating  earth 
and  identity  of  injection  and  launch  point.  (3)  Furthermore,  titis  ' 
assumption  is  made  that  the  flight  path  angle  at  injection  is 
optimum,  i.e.,  leading  to  a  minimum  injection  velocity  requirement. 

In  this  case,  the  derivative  of  range  with  respect  to  injection  angle 
vanishes  and  thus  it  is  Ratified  to  concentrate  in  this  presentation 
on  the  primarily  important  velocity  errors.  However,  other 
errors  than  those  caused  by  the  guidance  system  enter  in  the 
uncertainty  of  the  impact  point,  Examples  are  uncertainties  with 
respect  to  the  form  of  the  perturbed  gravity  field,  the  geographic 
location  of  the  desired  Impact  point  and  the  survey  of  the  launch 
point.  Since  they  are  not  under  discussion  in  this  paper,  their 
effect  is  considered  in  a  round-about  way  by  allocating  half  of 
the  allowable  squared  impact  errors  to  such  non-guidance  sources.  (4) 
Having  defined  the  allowable  injection  velocity  uncertainty  it  must 
be  translated  into  an  allowable  uncertainty  in  the  determination  of 
the  error  coefficients  of  the  guidance  system.  This  uncertainty 
is  quantitatively  described  by  the  covariance  matrix  ,  A  k,  of  the 
coefficients  and  is  a  characteristic  of  the  test  from  udiieh  the 
error  coefficients  were  evaluated,  as  will  be  explained  later. 

Fig  6  shows  the  relation  between  this  matrix  and  the  admissible 
injection  velocity  error  or  the  CEP  of  the  mission,  respectively. 

Again  it  must  be  kept  in  mind  that  sources  other  than  the 
uncertainties  of  the  error  coefficients  contribute  to  the  ix^ection 
velocity  error.  Examples  are  approximations  in  pomputing 
processess,  in  particular  the  mechanisation  of  compensation 
terms,  and  other  hardware  errors.  Their  effect  is  considered 
in  a  roundabout  way  by  the  factor  2  in  equation  (5)  ,  i.e.  by  allocating 
about  75  percent  of  the  squared  injection  velocity  error  as  resulting  from 
other  sources. 
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Another  important  goal  of  error  coefficient  evaluation  is  a 
thorough  analysis  of  the  guidance  system  during  its  development. 

Thus  it  is  necessary  to  separate  its  various  error  sources,  the 

terms  of  the  error  model.  To  achieve  this,  the  guidance  test  must 

be  conducted  in  such  a  way,  that  the  off-diagonal  terms  of  the 

resulting  coefficient  covariance  matrix  are  as  small  as  possible. 

Assuming  that  it  were  possible  to  obtain  a  covariance  matrix  consisting 

of  diagonal  terms  only,  it  still  remains  to  define  the  admissible 

amount  of  these  variances  of  the  individual  coefficients.  Again 

the  flight  conditions  of  the  operational  missile  at  injection  are 

used  to  weight  these  uncertainties  properly,  leading  to  an  error 

budget  which  is  identical  to  equations  (S)  and  (6)  except  that 

the  sums  containing  the  off-diagonal  terms  of  the  covariance 

matrix  are  omitted  (equation  (6a)).  Since  the  separation  of  errors 

is  the  primary  goal  of  guidance  testng  at  the  CIGTF,  this  latter 

error  budget  is  used  to  design  the  tests.  It  specifies  two 

basic  testing  requirements,  namely,  to  select  test  conditions  such 

that  the  off-diagonal  terms  of  the  resulting  coefficients  covariance  matrix 

became  as  small  as  possible  and  to  make  testing  errors  sufficiently 

small  in  order  to  keep  the  terms  on  the  main  diagonal  of  this  matrix 

within  specified  limits. 

m.  DETERMINATION  OF  THE  ERRORS  OF  INERTL^L  GUIDANCE 

SYSTEMS - - - - - 

Testing  of  Inertial  Guidance  Systems  for  determination  of  their 
errors  can  be  done  in  various  ways.  One  fundamentally  important 
approach  is  laboratory  testing.  (5)  These  tests  are  designed  to  find 
specified  individual  error  coefficients  of  a  theoretical  error  model 
by  using  special  purpose  test  equipment  under  carefully  controlled 
test  conditions.  But  a  preconceived  error  model  may  not  be 
realistic,  there  may  be  additional  error  terms  under  the  conditions 
of  actual  missile  flight.  It  is  therefore  necessary  to  conduct 
tests  which  exercise  simultaneously  and  strongly  all  the  error 
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source*  v^ch  come  into  play  during  an  actual  missile  flight  and 
provide  sufficient  accuracy  and  flexibility  of  arranging  test  conditions 
in  such  a  way  that  a  separation  of  the  error  sources  is  possible*  . 

This  type  of  testing  will  be  called  ■•operational"  testing,  but  it  must 
be  understood  that  its  conditions  are  only  tentatively  identical 
to  those  of  an  actual  operational  flight  of  the  missile  for  which  the 
guidance  system  under  teat  is  developed*  The  operational  test 
methods  which  will  be  discussed  are:  Sled  testing.  Flight  testing 
of  the  completed  missile  under  actual  flight  conditions  and  G£ht 
(Guidance  Evaluation  Missile)  testing.  In  all  cases  of  operatiOBal 
testing  the  velocity  of  the  vehicle  carrying  the  guidance  system  must 
be  measured  by  a  "reference"  system  with  auMcient  accuracy 
to  meet  the  reqxxirements  of  the  error  budget  which  was  established 
above.  Fig  7  describes  the  basic  mechanism  of  estimating  the 
desired  error  coefficients  and  in  particular  spells  out  the  propagation 
of  the  errors  in  the  observation  of  the  guidance  systems  error  fhnctlen  into 
the  errors  of  the  coe^icient  estimates,  or,  the  coefficient  covariance 
matrix.  To  clarify  concepts,  Fig  8  shows  a  chart  of  the  complete  error 
flow  from  its  sources  in  the  test  reference  system  to  its  final  effects 
on  the  mission  accuracy  of  the  missile  of  which  the  guidance  system 
under  test  is  a  part.  The  present  discussion  will  be  restricted  to 
define  the  admissible  effective  velocity  error  of  the  reference  system  as 
represented  by  and  no  attempt  will  be  made  to  perform  the 

complicated  error  analysis  of  the  reference  system  itself.  S  is  now 
of  interest  to  compare  the  efiective  velocity  error  vdiich  is  admissible 
for  the  various  types  of  operational  tests  in  order  >to  achieve  a  specified 
testing  goal,  hi  doing  this,  it  is  assumed  that  this  error  is  serially 
uncorreleated  and  stationary,  an  assumption  the  Justification 
of  vdiich  will  be  discussed  later.  Fig  9  gives  the  resulting  accuracy 
requirements  for  a  representative  example.  The  other  important 
requirement,  separability  of  error  sources,  is  discussed  in  Fig  10. 
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In  order  to  obtain  one  figure  to  describe  this  separability 
quantitatively,  it  is  suggested  to  use  an  overall  correlation 
factor  derived  from  the  ratio  of  the  sums  of  o££-diagonal  and 
diagonal  terms  of  the  A  ^  a'atrix,  weighted  by  the  respective 
coordinate  functions  at  burn-out  of  the  operational  missile. 
However,  other  descriptions  are  possible  and  the  feasibility 
of  this  ^  -  factor  has  not  yet  been  proven  in  practical  use. 
Lispection  of  Fig  9  and  10  shows  clearly  the  sujwriority  of 
G£:M  testing  under  the  given  points  of  view.  In  interpreting 
the  quanititatlve  accuracy  requirements  one  must  keep  in 
mind  that  they  were  derived  primarily  for  comparing  the  various 
test  methods  under  equal  and  simplified  assumptions.  A 
thorough  error  analysis  leads  to  higher  requirements  in  all  cases. 
One  must  further  keep  in  mind  that  the  correlation  factor 
becomes  critical  only  for  values  greater  than  0.9.  A 
comprehensive  operational  guidance  test  program  which 
yields  the  desired  results  in  the  fastest  and  most  economical 
way  must  use  all  three  test  methods  and  their  respective 
merits:  Sled  testing  as  an  economical  means  for  shake-down 
testing  in  a  severe  environment  and  preliminary  error  evaluation, 
CSM  testing  for  fine -grain  error  evaluation  and  flight  testing 
for  final  CEP  verification.  (6),  (7). 

The  error  analysis  above  was  simplified  and  it  is  of  importance 
to  obtain  an  understanding  of  the  impact  of  these  simplifications. 
One  of  the  assumptions  made  was  stationarity  of  the  errors. 
Presently,  there  are  no  conclusive  results  available  about 
the  consequences  of  this  assumption  in  an  error  analysis. 

Thus,  this  aspect  will  not  be  pursued  in  this  presentation.  The 
other  assumption  was  that  the  errors  are  uncorrelated.  Again, 
a  systematic  investigation  was  not  yet  performed  and  thus  it 
is  possible  only  to  demonstrate  with  representative  examples 
how  much  a  serial  correlation  in  the  effective  velocity  error 
of  the  reference  system,  which  was  assumed  to  be  uncorrelated, 
will  affect  the  results  of  the  error  analysis  obtained  above. 
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The  correlation  structure  used  in  these  examples  is  derived 
from  a  special  filtering  process  (8)  for  the  output  of  which  the 
inverted  covariance  matrix  can  be  described  analytically. 

(See  Fig  11)  The  consequences  of  assuming  uncorrelated 
errors  in  such  an  analysis  while  the  error  actually  is  correlated 
are  shown  in  Fig  12.  (9)  Depending  on  whether  the  correlation 
leads  to  peaking  of  the  error  power  spectrum  at  low  or  high 
frequencies,  the  accuracy  requirements  for  the  reterenee 

system  can  be  significantly  higher  or  lower  than  those . 

calculated  for  the  uncorrelated  case.  If  no  prior  information 
about  the  expected  character  of  the  error  spectrum  is  availahle 
for  the  error  analysis,  the  estimate  based  on  the  assumption 
of  uncorrelated  errors  thus  leads  to  feasible  results. 

To  describe  the  practical  problems  connected  with  the 
evaluation  of  operational  guidance  tests,  the  example  of  sled 
test  evaluation  will  he  used,  for  which  considerable  experience 
has  been  accumulated  at  AFMDC.  Fig  13  shows  first  a  typical 
vehicle  which  is  used  for  this  purpose  and  Fig  14  a  typical  sled 
trajectory  in  terms  of  its  acceleration  and  velocity  profiles. 

An  important  characteristic  of  sled  motion  is  an  extremely  high 
vehicle  vibration.  (12).  (13)  Fig  15  shows  a  plot  of  total 
vibrational  power  in  the  longitudinal  direction,  demonstrating 
the  non-stationary  character  of  these  vibrations  and  Fig  16 
their  spectral  composition.  The  "Space>Time"  system  (10) 
serves  as  reference  system.  It  produces  electrical  pulses  udien 
the  vehicle  passes  precisely  spaced  markers  (13  *  1.3  4 10'^  ft) 
along  the  track.  (U)  These  pulses  are  transmitted  thru 
telemetry  to  a  ground  station  and  are  precisely  timed  (e  s). 
yielding  the  basic  reference  information:  time  as  a  function 
of  distance.  This  information  is  available  on  a  digital  data  tape 
for  further  computer  processing.  The  signal  outputs  of  the 
guidance  system  under  test  ars  transmitted  primarily  thru 
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FM/FM  telemetry  and  after  first  demodulation  are  available 
as  a  composite  signal  on  magnetic  tape.  Before  computer  processingf 
these  signals  have  to  be  decommutated  and  digitised.  A  special 
digitising  process  is  required  for  the  outputs  of  the  accelerometers 
svfaich  produce  discrete  signals  at  the  times  at  which  certain 
velocity  increments  are  accrued.  The  accurate  determination  of 
these  times  and  their  presentation  on  digital  data  tape  is  performed 
by  the  "Event  Time  Reader",  a  custom-built  device  viiieh  is 
incorporated  in  the  "General  Input  Converter".  (19)  Fig  17  shows 
a  flow  chart  of  the  digital  computer  programs  required  for  the 
evaluation  of  sled  tests.  There  are  about  35  of  them  and  they 
are  designed  in  such  a  way  as  to  permit  any  desired  intermediate 
outputs  of  data  tapes,  tabular  and  graphical  information  and  to 
adapt  to  special  situations  caused  by  inferior  data  quality.  Fig  18 
describes  the  main  operations  in  this  chart  in  a  schematic  form. 

Of  special  interest  are  the  following  areas: 

Editing  Processes 

Their  basic  purpose  is  to  improve  obviously  wrong 
data  points  by  removing  such  points  which  are  due  to 
noise  alone,  inserting  improved  estimates  for  highly  deviating 
points  and  filling  in  estimates  for  missing  points.  This  is  done 
by  extrapolating  an  expected  point  from  an  edited  stretch  of  data, 
by  defining  a  region  of  acceptability  and  finally  making  a  decision 
about  the  actually  observed  point.  Extreme  care  must  be  taken 
not  to  bias  the  data  in  this  process.  Such  editing  programs  must 
be  closely  tailored  to  the  specific  type  of  data,  employing  a 
thorough  knowledge  of  the  physics  and  the  logic  of  the  instrument 
which  produces  the  data,  the  properties  of  the  data  tranmission 
channels  and  of  the  data  conversion  processes.  The  systems 
analyst  who  evaluates  the  computer  results  in  many  eases 
can  allocate  error  trends  to  erroneous  editing  decisions  and  a  re-run 
of  the  computer  programs  is  frequently  necessary. 
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liinear  Operations 

This  heading  ineludea  two' fundamental  oporatiena 

f  ■ 

which  are  neceeaary  to  obtain  the  deiired  reaulta,  namely, 
differentiation  of  Space-Time  data  and  integration  of  acceleroineter 
data  to  obtain  velocity.  Both  ope  rations  are  non-ideal,  Ue.  they 
are  accompanied  by  a  band-limiting  (emootbing)  low-paaa  filter  aetioa. 
One  has  to  keep  in  mind  that  the  same  smoothing  process  has 
to  be  applied  to  the  Space  time  and  accelerometer  data  and  to 
the  coordinate  functions  to  maintain  the  validity  of  the  error 
model  equation  which  will  be  solved  for  the  error  coefficients. 

If  this  is  done  properly,  then  the  accuracy  of  the  coeffieient 
evaluation  is  Independent  of  the  smoothing  process.  Two  practical 
approaches  for  data  smoothing  were  investigated:  moving  polynomial 
arc  smoothing  and  velocity  averaging.  (14)  The  first  is  applied 
to  the  space  time  data  which  are  functions  of  distance  and  thus 
necessitates  inversion  of  the  results  to  obtain  velocity  on  a 
ftmction  of  the  independent  variable,  time.  B  leads  to  time- 
variable,  velocity  dependent  Biters  which  are  difficult  to  duplicate 
for  application  to  the  accelerometer  data  and  coordinate  functions. 

(15,  16, 17)  The  smoothing  process  which  leads  to  velocity  averaging 
is  particularly  easy  to  mechanize  on  the  digital  ccmputer  in 
all  three  applications,  Space  Time  data,  accelerometer  data 
and  coordinate  functions.  It  is  therefore  presently  used  for  guidance 
test  evaluation. 

The  third  area  of  interest  is  the  least  squares  fitting  to 
obtain  the  error  coefiicients.  The  process  presently  employed  is  non- 
optimum,  leading  to  non-maximum  likelihood  coefficient  estimates 
because  the  error  in  i>  handled  as  uncornalated  and  stationary, 
represented  by  a  covariance  matrix  which  has  only  constant  diagonal 
terms.  The  reason  for  this  simplification  is  the  fact  that  the 
actual  structure  of  the  covariance  matrix  is  not  known  and  even 
if  it  were,  its  inversion  would  constitute  a  formidable  task. 
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But  fortunately  simulation  and  analytical  studies  have  ahovai 
that  the  process  is  relatively  insensitive  to  these  simplifications. 

Fig  19  gives  a  representative  example.  However,  one  must  be  aware 
that  this  is  an  area  of  possible  improvement.  One  promising 
approach  vdiich  avoids  the  computational  compleidtles  of 
inverting  large  matrices  would  be  to  remove  the  correlation 
of  the  errors,  or  to  "pre -whiten" the  noise,  by  applying  a 
suitable  equalising  filter  to  the  Space-Time  and  accelerometer 
data  and  to  the  coordinate  functions.  To  design  such  a  filter, 
the  actual  structure  of  the  error  must  be  known.  Thus,  one  can 
define  a  linear  operator  to  be  applied  to  the  observed  data  and 
the  coordinate  functions  of  a  maximum-likelihood  estimation 
process  which  is  "optimum"  in  the  sense  that  it  minimizes 
the  computational  complexities  of  the  process.  This  approach 
was  brought  to  our  attention  by  Dr.  A.  J.  Mallinckrodt  of 
Communications  Research  Laboratories  in  discussions 
at  the  Inertial  Guidance  Test  Symposium  at  Holloman  AFB 
in  October  1962;  it  will  be  further  Investigated. 

Another  important  area  of  interest  in  the  discussion  of  sled  testing 
is  the  accuracy  of  its  reference  system,  the  Space-Time  system. 

Its  basic  accuracy  is  high  due  to  the  virtual  absence  of 
systematic  errors  and  its  insensitivity  to  electromagnetic 
propagation  properties.  With  the  given  errors  in  spacing  of 
the  markers  and  in  timing  of  the  marker  pulses  an  estimate 
of  the  resulting  velocity  error  yields  a  value  of  about  0.01  ft/sec 
and  thus  the  system  would  essentially  meet  the  requirements 
developed  earlier.  However,  there  is  one  major  source 
leading  to  errors  in  i^,,-which  is  Independent  of  the  accuracy  of 
the  Space -Time  system.  R  is  due  to  the  fact  that  the  reference 
system  measures  vehicle  motion  on  another  point  of  the  vehicle  than 
the  guidance  system,  a  fact  which  may  very  well  play  a  role 
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in  the  other  types  of  operational  testing  also.  (18)  Thus,  the 
vibratory  motions  sensed  by  the  guidance  system  are  difterent  from 
the  ones  measured  by  the  reference  system  and  this  dlfiere^e 
la  a  major  component  of  the  error  in  ,  The  analysis  of  the 

structure  of  this  error,  which  is  of  the  0.1  ft/sec  order  of  mag^tude, 
is  still  under  way.  There  are  indications  that  the  spectrum  of 
this  error  is  of  the  type  which  peahs  at  high  frequendas  and  has 
relatively  little  power  in  the  critical  low  frequency  area. 

This  is  confirmed  by  the  consideration  that  a  substantial  very 
low  frequency  differential  motion  can  not  exist  without 
endangering  the  structural  integrity  of  the  vehicle.  Thus 
this  error  may  not  contribute  significantly  to  the  uncertainty 
of  the  coefficient  estimates. 

IV.  GUIDANCi:  SYSTEMS  AS  CAUBRATORS  FOR  RANGE 
INSTRUMENTATION  SYSTBMS 

In  view  of  the  difficulty  to  provide  reference  systems  of  sufficient 
accuracy  to  calibrate  inertial  guidance  systems,  it  is  challenging 
to  discuss  the  possibiUtisa  of  using  modern  high  quality  guidance 
systems  for  the  improvement  or  calibration  of  existing  reference 
systems.  One  has  to  be  hilly  aware  of  the  logical  dangers  of 
such  *'boot-strap"  methods,  but  in  certain  cases  this  philosophy  has 
been  used  successfully.  U  the  errors  of  the  reference  system 
are  clearly  separable  from  the  ones  of  the  guidance  system, 
then  they  can  be  determined  by  inspection  of  the  ^  ^  function. 

This  was  done  successhiUy  to  find  misplaced  markers  of  the 
Space-Time  systems  in  sled  testing.  In  case  of  finite  correlation 
between  these  two  groups,  certain  error  coefficients  of  the 
reference  system  model  can  be  considered  as  additional  unknowns 
and  can  be  estimated  together  with  the  ones  of  the  guidance  system 
error  model.  Though  resulting  initially  in  a  deterioration 


of  the  covariance  matrix  of  the  guidance  syatems  coeffieieate,  an 
Iterative  procedure  in  which  the  estimatea  of  the  reapective 
reference  ayaterne  errors  are  removed  from  the  ^function 
may  lead  to  a  final  improvement  of  the  teat  reaulta.  Studlea  are 
under  way  to  inveetlgate  the  applicability  of  such  a  procedure  to  GSM 
teatlng  but  results  are  not  yet  available.  A  related  approach  ia 
deacribed  in  Fig  20  in  which  the  output  of  the  guidance  eyatem 
under  test  contributes  to  the  redundancy  of  the  reference  meaeurenaeat. 
The  listed  equation  for  the  resulting  /\  k  matrix  holds  for  the 
assumption  that  the  errors  of  the  guidance  system  and  those  of 
the  reference  system  are  uncorrelated  and  the  measurements 
from  each  group  are  at  least  sufficient  to  determine  the  unknowns. 

The  effects  of  deviations  from  the  first  assumption  and  thus  the 
feasibility  of  the  approach  have  to  be  investigated  by  a  suitable 
simulation  process.  (See  also  (20)  Finally.  Fig  20  describes 
the  possibility  to  calibrate  the  reference  system  of  a  given 
test  range  with  a  guidance  system  which  was  pretested  at  another 
range.  In  this  case,  the  guidance  system  serves  as  a  vehicle  to 
transfer  accuracy  from  one  test  range  to  another.  It  shows  the 
error  flow  from  Its  source  ^  ,  the  error  covariance  matrix 
of  the  original  reference  system,  to  A|,,  the  covariance  matrix 
of  the  error  coefficients  R  of  the  reference  system  to  be 
calibrated.  The  efficiency  of  the  process  is  under  control 
thru  proper  selection  of  the  flight  profiles  in  both  tests  as 
Indicated  by  the  various  coordinate  functions  matrices:  , 

the  derivatives  matrix  of  the  velocity  errors  with  respect  to  the 
error  coefficients  of  the  guidance  system  in  the  original  teat,  <t'  , 
the  same  derivatives  in  the  calibration  test  and  N  ,  the  derivatives  of 
velocity  error  with  respect  to  the  error  coefficients  of  the  reference 
system  in  the  calibration  test.  No  quantitative  evaluation  of  thia 
approach  is  available  yet,  but  it  will  be  kept  in  mind  as  a  possible 
tool  of  improvement  of  the  GEM  reference  system  in  the 
preparation  of  these  tests. 
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V.  CONCLUSION. 

a,  in  addition  to  providing  a  baaie  faiaiUariaattan  with  tha 
probloma  ol  gtiidanee  taatlng,  thia  paper  vdU  initiata  diaoiaaiona 
awfi  Axchanga  of  experience  with  other  ueere  of  teat  ranges^  it  will 
have  aerved  ita  purpoae.  To  Imprpva  exlating  aad  daTelep  aew  teat 
methoda  uaing  all  information  wtaloh  can  be  made  availaUa  la  one 
j ;  ;  ■  of  the  moot  Important  objeetlvea  of  ttie  Central  Inertial  Outdance 

■  Teat  Facility  at  Holloman  AFB, 
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DATA  SMOOTHING 


Hlstoriaally  the  problem  of  smoothing  or  fllterlog  data 
as  we  know  It  today  may  be  said  to  have  originated  abput  SO 
years  ago .  The  appearance  of  radar  during  World  War  II  brought 
with  It  the  problem  of  smoothing  and  differentiating  time  series 
data.  A  satisfactory  solution  to  this  problem  was  needed  so  that 
eleotromeohanloal  devices  could  be  provided  whloh  would  enable 
the  radar  to  determine  and  predict  position  and  velocity  of 
moving  objects  In  the  presence  of  signal  noise  arising  from 
countermeasures,  equipment,  malfunction,  or  natural  causes. 

In  1942  Norbert  Wiener  solved  this  problem.  His  assumptions 
were  that  the  observing  system's  characteristics  were  Invariant 
in  time,  that  the  system  operated  on  all  past  data,  that  the 
input  signal  and  noise  were  statistically  statlona^,  and  that 
the  optimum  system  was  characterized  by  the  minimum  output  mean 
square  criterion.  In  1944  Phillips  and  Weiss  analyzed  the  pro¬ 
blem  of  smoothing  position  data  for  gunnery  prediction  under 
assun^tlons  similar  to  Wiener's.  Zadeh  and  Ragazzlnl  published 
a  paper  In  the  Journal  of  Applied  Physics  (1950)  In  whloh  Wiener ' a 
results  were  extended  to  permit  the  Input  signal  to  contain  a 
non-random  polynomial  component  and  the  observation  time  to  be 
finite . 

Solutions  to  this  problem  have  taken  the  form  of  an 
Integral  equation  whlph  must  be  solved  for  the  system  weighting 
function.  Lees,  Johnwn,  Ormsby,  Pavley,  Arabadjls,  and  a  host 
of  others  have  considered  various  aspects  of  deriving  the  filter 
that  Is  optimum  In  some  sense.  The  concept  of  a  quantity  whloh 
has  been  optimized  Is  a  very  appealing  one,  but  one  whloh  oan 
be  misleading.  The  Inqplloatlon  Is  that  the  clroumstaooes  sur¬ 
rounding  a  problem  are  perfectly  understood  If  the  solution  has 
been  "optimized.”  Since  a  perfect  understanding  Is  not  always 
possible,  certain  simplifying  assumptions  must  be  made  relative 
to  the  physical  or  mathematical  facts,  and  then  accompany  these 
by  some  definition  of  optimization  in  terms  of  some  criterion. 
Ihus,  If  the  probability  distributions  aura  Oausslan  then  the 
minimum  mean  squared  error  criterion  leads  to  optimization. 

If  this  assumption  Is  not  realistic  then  other  stendards  are 
needed,  and  the  output  of  the  filter  will  depend  In  some  way 
on  the  underlying  assvmvtions.  Accordingly,  the  design  of  the 
filter  will,  therefore,  depend  upon  the  use  whloh  is  anticipated 
ibr  It. 

The  digital  data  obtained  from  a  missile  tzajeotory 
measuring  system  consists  of  a  desired  signal,  l.e.,  the  actual 
position  of  the  missile  as  a  function  of  time,  and  unwanted 
’’noise, "  which  represents  errors  due  to  atmospheric  effects, 
thermal  noise  in  the  electronic  circuitry,  servo  Jitter  In  the 
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tracking  system,  and  so  forth.  In  order  to  reduce  the  effect 
of  the  noise,  some  type  of  digital  smoothing  technique  can 
often  be  employed.  One  technique  which  is  often  used  Is  the 
moving-arc  linear  midpoint  filter.  This  class  of  filters  can 
be  represented  as  follows: 


(1) 


where  x  represents  the  unsmoothed  data,  x  represents  the  smoothed 
date,  h  represents  the  filter  weights  or  data  multipliers,  and 
the  subscripts  denote  successive  data  points  in  the  time  domain. 
The  frequency  response  H(f)  of  such  a  filter  can  be  obtained  by 
taking  the  Povirler  transform  of  as  a  function  of  k. 

In  missile  trajectory  work  the  usual  assun^tlon  is  that  the 
desired  signal  consists  mainly  of  low-frequency  components, 
whereas  the  noise  is  more  or  less  evenly  distributed  throughout 
the  spectrum  with  perhaps  local  concentrations  at  certain  fre¬ 
quencies.  The  filter  therefore  should  generally  be  some  type 
of  low-pass  filter.  That  is.  It  should  have  an  amplitude 
response  of  approximately  1  at  low  frequencies  and  approximately 
0  at  high  frequencies,  with  a  gradual  cutoff  at  some  frequency 
chosen  by  considering  the  nature  of  the  signal  and  noise.  For 
purposes  of  comparison,  I  shall  define  the  cutoff  frequency  of 
a  low-pass  filter  to  be  that  frequency  at  which  the  amplitude 
response  of  the  filter  is  0.707  of  its  response  at  zero  fre¬ 
quency  . 

Since  the  signals  occurring  in  missile  trajectory  work 
normally  have  a  very  large  zero  frequency  component,  the  response 
of  the  filter  at  zero  frequency  should  be  exactly  1.  This 
condition  can  be  met  by  establishing  the  following  constraint  on 
the  position  data  multipliers: 


H,  -  1  (a) 


In  addition  to  a  constant  component,  the  signal  may  contain  a 
significant  trend  in  the  form  of  fairly  l«u?ge  low-order  deri¬ 
vatives  with  respect  to  time.  To  Insure  that  the  r*"  derivative 
does  not  bias  the  smoothed  position  data,  the  following  constraint 
is  necessary: 
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(5) 


In  terms  of  the  frequency  domain,  this  is  equivalent  to: 


df 


0, 


faO 


provided  that 


df'"^  Is  everywhere  continuous. 

If  the  condition  of  equation  (2)  holds  and  the  condition 
of  equation  (3)  holds  for  all  values  of  r  from  .1  to  p,  the 
filter  can  he  said  to  he  constrained  to  pass  a  p'^’'  order  poly¬ 
nomial,  since  if  a  pure  p*“  order  polynomial  with  no  noise  is 
fed  Into  the  filter,  the  output  will  reproduce  the  polynomial 
exactly  with  no  error. 

Last  year  at  this  conference  Pavley  described  two  types  of 
moving-arc  linear  midpoint  filters.  These  were  the  least-squares 
polynomial  filter,  and  a  filter  first  described  by  Ormsby,  de¬ 
signed  to  approximate  a  linear  rolloff  In  Its  frequency  response. 

The  least  squares  polynomial  filter  was  designed  by 
establishing  constraints  given  by  equations  (2)  and  (3)  for 
values  of  n  up  to  and  Including  the  desired  degree  of  poly¬ 
nomial,  and  by  establishing  the  additional  constraint  that  for 
a  given  span  (2n  +  1}  In  the  time  domain  the  sum  Zh,,  mat  be 
minimum.  *016  cutoff  frequency  of  this  type  of  filter  Is  deter¬ 
mined  by  the  span  and  the  degree  of  polynomial  chosen.  The 
frequency  response  of  the  3I  point  2°^  degree  version  Is  shown 
In  Figure  1.  It  can  be  seen  that  an  undesirable  propex>ty  of 
this  type  of  filter  is  that  It  has  a  significant  response  to 
high  frequencies  which  we  usually  assume  to  contain  mostly 
noise.  An  advantage  of  this  type  of  filter,  however.  Is  the 
fact  that,  to  achieve  a  given  cutoff  freqpency,  the  time  span 
of  Input  points  which  influence  a  given  smoothed  point  Is 
minimum. 

The  Ormsby  filter  which  was  described  last  year  was 
designed  to  have  an  Ideal  frequency  response  as,  follows: 
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H(r)  =  1 


(0  *  f  s  fj 


fg  -  f 

H(f) -  (f  a  f  s  f  ) 

f  -  f  ^  * 

2  1 

H(f)  =0  (f  >  fj) 


The  above  frequency  response  cannot  be  achieved  exactly  unless 
an  Infinite  time  span  were  used-  Taking  the  Fourier  transform 
of  the  above  function  and  truncating  it  to  produce  a  set  of  data 
multiplier  with  a  finite  time  span  produces  a  filter  with  a  some¬ 
what  altered  frequency  response .  Pavley  then  showed  how  this 
filter  could  be  constrained  to  pass  a  polynomial  of  desired  degree 
by  adding  additional  terms  to  the  above  derived  data  multipliers 
so  as  to  satisfy  constraints  (2)  and  (3) .  The  frequency  response 
of  such  a  filter  is  also  shown  in  Figure  1.  The  example  shown 
was  chosen  to  have  the  same  cutoff  frequency  and  the  same  degree 
of  constraint  as  the  least  squares  filter  also  shown  in  Figure  1, 
so  that  they  can  be  directly  compared.  Note  that  with  the  Ormsby 
filter  an  improved  frequency  response  is  obtained  at  the  expense 
of  a  some«diat  longer  s^n. 

I  will  now  describe  a  type  of  filter  in  irtilch  the  frequency 
response  can  be  improved  even  more  without  further  Increase  in 
the  span. 

The  reason  for  the  response  remaining  at  the  higher  fre¬ 
quencies  in  the  Ormsby  type  filter  shown  in  Figure  1  is  that 
when  the  filter  was  truncated  in  the  time  domain,  data  multi¬ 
pliers  of  significant  amplitude  w&^e  discarded,  thus  introducing 
discontinuities  in  the  time  response  of  the  filter.  These  dis¬ 
continuities  in  the  time  domain  result  in  thte  oscillations  in 
the  frequency  domain  at  the  higher  frequencies.  In  order  to 
reduce  this  effect  a  function  must  be  chosen  which  decays  more 
rapidly  in  the  time  domain,  so  that  truncation  at  a  reasonable 
span  length  will  discard  data  multipliers  of  much  smaller 
magnitude.  Slowness  of  decay  in  the  time  domain  is  caused  by 
discontinuities  in  the  derivatives,  i».rticularly  the  zero^** 
and  other  low  order  derivatives,  in  the  frequency  domain. 
Therefore,  it  was  decided  to  use  a  function  in  which  all  of  the 
derivatives  are  continuous. 

The  function  decided  upon  is  of  the  following  form  in  the 
time  domain: 


sin(2irbk) 


(5) 
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where  the  constants  a  and  b  are  chosen  as  will  be  described 
shortly  and  c  is  adjusted  to  satisfy  constraint  (2) .  The 
frequency  response  of  this  filter  is  a  pair  of  superimposed 
error  functions  (integral  of  the  normal  curve)  of  appropriate 
amplitude  arranged  symmetrically  around  zero  frequency,  as 
shown  in  Figure  2> 

It  can  be  seen  that  this  Ideal  frequency  response  and  all 
of  Its  derivatives  are  everywhere  continuous,  that  Its  first 
derivative  at  zero  frequency  Is  equal  to  0,  and  that  the  function 
rapidly  approaches  0  as  the  frequency  increases.  For  fairly  snail 
values  of  a  the  response  for  positive  frequencies  is  eldsely  ap- 
proxlmated~)>y  a  single  error  function.  In  this  case  thd  frequency 
at  which  the  response  Is  i  Is  approximately  equal  to  the  constant 
b,  although  the  cutoff  frequency  as  defined  earlier  is  somewhat 
less  than  this,  and  the  rapidity  of  cutoff  (or  rolloff)  is  deter¬ 
mined  by  the  constant  a,  since  the  response  drops  from  approxi¬ 
mately  .68  to  .32  in  a^frequency  interval  of  2a.  For  larger 
values  of  a  the  two  error  function  curves  merge  together  sore,  and 
the  cutoff~frequency  becomes  dependent  chiefly  upon  a.  In  the 
limiting  case  where  b  «  0,  the  frequency  response  curve ; becomes 
the  gaussian  function,  or  normal  curve,  with  the  response  at  a 
frequency  of  a  equal  to  .607.  This  fact  can  be  obtained  by  taking 
the  limit  of  The  sums  of  the  two  error  functions  as  b  approaches 
zero,  but  is  more  easily  derived  from  the  fact  that  equation  (5) 
reduces  to  the  gaussian  function  when  b  »  0,  and  the  Fourier  trans¬ 
form  of  this  is  another  gaussian  function,  as  follows: 

H(f)  -  e’*^*'^*  (b  -  0)  (6) 


For  reasonable  values  of  the  constant  a,  equation  (5)  decays 
to  zero  very  rapidly  as  k  increases.  ThereTore,  reasonable  span 
lengths  can  be  used  without  discarding  values  of  \  that  are  ap¬ 
preciably  different  from  zero.  This  fact  enables  the  ideal 
frequency  response  described  above  to  be  approached  very  closely, 
thus  insuring  nearly  complete  rejection  of  high  frequencies. 

When  values  for  a  and  b  are  chosen  In  order  to  produce  the 
cutoff  and  rolloff  de¥lred,~'a  suitable  value'  of  the  sem^-span  n 
mist  then  be  chosen.  A  good  rule  of  thumb  for  most  purposes  i¥: 


2a 


although  best  results  are  obtained  if  an  integral  multiple  of 
l/2b  Is  chosen  when  b  is  not  close  to  zero  conqpared  to  a. 

Next  the  value  of  c  is  chosen  so  that: 
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The  filter  is  therefore  automatically  constrained  to  have  a  re¬ 
sponse  of  one  at  zero  frequency. 

Since  the  filter  la  symmetrical  in  time,  the  conditions  of 
equations  (3)  and  (4)  are  met  automatically  for  all  odd  values  of 
r.  For  even  values  of  r  it  can  be  seen  that  these  conditions  are 
never  met  exactly  for  the  ideal  filter  (infinite  span) .  However, 
as  the  constant  a  decreases  and  the  rolloff  becomes  steeper,  it 
is  obvious  that  the  response  at  zero  frequency  beouiues  flatter. 
This  means  that  the  low  order  derivatives  are  becoming  smaller. 
Therefore,  condition  (4)  can  be  approached  as  closely  as  desired 
for  a  given  value  of  r  by  making  a  sufficiently  small.  For  ex¬ 
ample,  in  order  to  pass  a  second  degree  polynomial  with  no 
appreciable  change,  the  sum  must  be  close  to  zero.  This 

can  be  achieved  sufficiently  well  for  most  purposes  if  a/b  <  1/3 . 
For  higher  order  terms  the  ratio  a/b  must  of  course  become  even 
smaller . 

For  certain  combinations  of  a,  b,  and  n,  the  above  condition 
for  any  one  order  can  be  met  exactly  due  to  the  effect  of  the 
truncation  in  the  time  domain.  A  case  of  particular  interest 
where  the  follovfing  relationships  hold: 

a  =  .342  b 


In  this  case,  is  for  all  practical  purposes  equal  to  zero 

for  any  value  of  Thus,  without  any  additional  terms  for  con¬ 
straining  purposed,  the  filter  automatically  will  pass  a  second 
degree  polynomial . 

Figure  3  shows  the  actual  frequency  responses  of  the  filter 
described  in  this  paper  with  three  different  rolloff  rates  but 
with  the  same  cutoff  frequency  for  purposes  of  comparison.  The 
curve  in  the  middle  represents  the  case  constalned  to  pass  a 
second  degree  polynomial  (and  therefore  a  third  degree  also)  by 
satisfying  equation  (7) .  It  thus  can  be  compared  directly  to 
the  two  types  of  filters  previously  described  and  shown  in  Figure 
1,  since  these  also  are  shown  for  the  same  cutoff  frequency. 

Note  that  its  rejection  of  higher  frequencies  is  superior  to 
either  of  the  other  types.  In  addition,  its  span  length  Is 
slightly  less  than  that  of  the  Ormsby  filter  shown,  although  it 
is  of  course  greater  than  that  of  the  least-squares  polynomial 
filter.  The  filter  in  the  right  of  Figure  3  will  pass  a  first 
degree  polynomial  exactly,  and  the  one  in  the  left  of  the  figure 
will  pass  a  fifth  degree  polynomial  almost  exactly. 
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In  order  to  obtain  different  cutoff  frequencies,  a,  b  and 
l/n  are  adjusted  proportionally  to  the  cutoff  frequency.  '“Vhen 
the  same  ratios  are  kept  among  these  quantities,  the  shape  of 
the  frequency  response  curve  is  the  same  except  that  it  is 
"stretched”  proportionally  to  the  cutoff  frequency. 

Figure  4  shows  a  portion  of  a  hypothetical  signal  idiloh 
might  be  considered  to  contain  both  a  desired  signal  and  un¬ 
wanted  noise.  The  17  point  and  47  point  filters  show  the 
result  of  smoothing  this  signal  with  the  species  of  filter 
defined  by  equation  (7)  and  Illustrated  by  the  middle  curve  on 
Figure  3  but  with  different  cutoff  frequencies  in  the  two 
figures.  The  last  curve  on  Figure  4  shows  the  result  of  smooth¬ 
ing  the  same  data  with  a  2nd  degree  least-squares  polynomial 
filter  with  the  same  cutoff  frequency  as  the  47  point  filter 
shown  in  the  same  figpore.  In  comparing  47  point  filters  and 
the  least  squares  filter,  some  of  the  high  frequency  components 
can  be  seen  in  the  data  smoothed  by  the  least-squares  poly¬ 
nomial  filter,  whereas  they  are  absent  in  the  47  point  filter. 
This  illustrates  the  effect  of  the  inq>roved  frequency  response. 
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ABSTRACT 


Xntsrpretation  of  dtfltol  filters  ae  linear  tranaducera  charaeterisM 
by  their  transfer  functions  leads  to  practical  nethoda  for  apoci^ng  ftltara 
and  evaluating  their  perfornance.  Applicationa  of  the  theory  to  filters 
used  in  smoothing,  differentiation,  interpolation  and  power  apeetsioi  snalyais 
of  sampled  data  are  discussed.  During  the  last  six  years,  these  filter¬ 
ing  techniques  have  bean  vsed  extensively  in  the  Missile  a^  Space  Slvtsicn 
of  CetMral  Electric  Cos^any.  Classical  mathods,  as  polynoatal  least  square 
fit,  Lagrange  interpolatlpn  fonmla,  are  evaluated  as  particular  cases  of 
filtering  techniques.  Qugltty  of  the  infocawtlon  provided  by  filters  de¬ 
signed  from  frequency  doaigln  considerations  and  precautions  to  taka  In  the 


use  of  these  filters  are  pointed  out. 


For  the  last  six  (6)  years,  filtering  techniques  have  been  extensively 
ured  In  data  processing  operations  at  what  Is  now  called  the  Missile  and 
Space  Division  of  G.  E.  Z  would  like  to  discuss  some  es'.<entlal  character¬ 
istics  of  the  filtering  techniques,  the  power  and  limitations  of  those 
techniques  and  the  precautions  which  have  to  be  taken  in  the  applications. 

It  la  well  known  that  a  set  of  sampled  data,  that  is  data  taken  at 
conetant  sampling  rate  or  sampling  frequency,  define  a  continuous  function 
only  if  the  two  following  simultaneous  conditions  ate  matt  First,  the  data 
sniat  cover  timea  which  go  from  -<>»  to  -foo  ;  secondly,  the  data  must  not 
contain  any  component  of  frequency  higher  than  half  the  sampling  frequency. 
If  these  two  conditions  are  satisfied,  the  defined  function  can  be  consid¬ 
ered  as  a  sum,  finite  or  infinite,  of  components  hiving  each  its  own 
frequency. 
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Each  component  can  be  defined  by  ita  frequency  f,  its  amplitude  A(f) 

and  Its  phase  angle  ^(£)  at  time  aero.  The  value  of  the  contribution  of 

the  component  at  a  time  t  Is  a  complex  number  which  can  be  represented 

by  a  vector  OK  (Figure  1)  of  length  A(f)  rotating  at  angular  r«Cee<f>  27ff 

and  which  makes  at  time  t  ■  0  an  angle  ^  with  the  real  axis.  Since  to 

each  component  of  frequency  f  can  be  associated  a  component  of  frequency 

•f  represented  by  a  vector  IS'  which,  at  all  tines,  is  symBetric  of 

the  SUB  of  the  contributions  of  these  two  frequencies  can  be  represented 

by  a  vector  which  is  twice  the  projection  of  the  vector  oS  on  the 

real  axis.  Consequently,  when  we  consider  a  range  of  frequencies  from 
f  f 

*  7  to  ^  ,  the  contribution  of  each  frequency  component  is  the  complex 
nuatber 

A<f) 

A<f>^cos[^(f)  +  ZlTfO  +  J  eini^f)  +  SVftj] 

When  we  consider  a  range  of  frequencies  from  0  to  ,  the  eontribution 
of  each  frequency  component  is  the  real  number  2A(f)  eoaf<^(f)  *  2  IT  ft}. 

A  numerical  filter,  or  digital  filter,  we  will  aay  simply  a  flUer. 
is  a  set  of  wei^ts  Bj,  (k  varying  from  an  integer  to  an  ^teger  1^) 
which  can  be  applied  to  the  successive  sampled  values  gj^CkT)  at  times 
t  «  kT,  where  T  is  the  sampling  interval,  so  that  'a  weighted  average 
go(n't;)  is  obtained  and  assigned  to  the  time  t  ■  mr,  where  m  is  any 
specified  nudMr  (Figure  2).  - 
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Ftlterliut  a  set  of  sampled  data  coasiats  in  perfotnlng  this  weighted 
average  on  the  first  N2  •  -f  1  data  points,  then  moving  the  filter  over 
the  data  displaced  by  one  sampling  interval*  and  so  on  until  all  the  data 
have  been  processed, 

Uhen  a  sum  of  functions  is  filtered,  the  output  is  the  sum  of  the  out¬ 
puts  obtained  by  filtering  each  individual  function.  Since  the  inpor  fiinctfon 
g^(t)  can  be  considered  as  sun  of  frequency  coaqionents,  the  effect  of  filter¬ 
ing  a  function  g^Ct)  can  be  analysed  by  evaluating  the  effect  of  filtering 
each  of  the  frequency  components. 
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Ic  Is  convenient  to  normalise  the-  frequency  £  by  considering  the 
freouencv  ratio,  ratio  of  f  to  the  sgppllng  frequency  £, 


T  -  X  (g) 

*s 

If  the  origin  of  ttisea  Is  at  time  of  application  of  the  weight 
that  is  at  the  sampling  tine  corresponding  to  k  ■  0,  and  if  the  frequency 
component  of  frequency  f  ■  r  f ,  has  unit  amplitude  A(r  fg)  *  I.  and  sero 
phase  t^(r  fg)  -  0  at  tine  sero.  the  output  of  the  filtering  process, 
assigned  at  tine  t  -  nx.  is  called  the  transfer  function  t)  of 

the  filter  for  the  tine  ratio  m  and  tbs  frequency  ratio  r.  that  is 
(Figure  3a) 


1fjCn,  t> 


B,  el 


(3) 


7?his  can  be  written  as 


fjCn,  r)  •  G]^(a,r)  el  ^1 

which  shews  the  gain  C^Cm.  r)  and  the  shift  lj^(a,  r). 


(4) 
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FIGUlft  3 

From  (3) I  It  con  be  seen  readily  thit  If  r  Is  changed  to  -r.  the 
transfer  function  Y^(in,  r)  is  changed  to  Its  conjugate.  The  represeata* 
tive  vectors  are  synnetric  with  respect  to  the  real  axis;  consequently, 
we  will  often  consider  only  positive  valUts  of  r. 

If  the  filter  is  applied  to  a  frequency  component  of  amplitude  KCt: 
and  phase  V/^(r  f,)  at  time  zero  (time  at  Which  the  weight  is  applied), 
the  effect  of  filtering  is  to  multiply  the  amplitude  A(r  f,)  by  Gx(m,  r) 
and  to  introduce  a  phase  shift  0^(m,  r)«  If  the  filter  is  moved  along  the 
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sampled  points  of  the  input  frequency  component  represented  by  the  rotating 
vector  OM^  (Figure  3b)  the  output  of  Che  filter  Is  represented  by  the 
vector  rotating  at  the  same  rate.  The  filter  acts  as  a  linear  trans¬ 

ducer  characterised  by  its  gain  and  phase  shift  for  each  frequency. 

The  design  of  a  filter  cenalsta  In  galecting  the  limits  and  M2 
and  In  determining  the  wel^ts  (k  from  to  M2)  so  that  the  actual 
transfer  function  Yi(m,r)  of  the  filter  apprcaelmates  a  transfer  function 
Y(m,  r)  desired  for  a  fixed  value  of  m  and  a  selected  range  of  values  of  r. 


a)  J») 

FIGURE  4 
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figure  4  is  a  generalization  of  Figure  3  which  shows  the  desired  and 
actual  transfer  function  and  the  desired  and  actual  effects  on  a  frequency 
component  of  amplitude  A(r  f^)  and  phase  vf  (r  f^)  at  time  of  applica¬ 
tion  of  the  weight  It  can  be  seen  that  if  £ (n,  r)  is  the  complex 

error  in  transfer  function 


i;(m,  r)  ••  r)  -  y(m,  r)  (5) 

the  error  on  the  contribution  of  the  frequency  component  is  A(r  fs)«£(mir). 

If  the  magnitude  of  Y<m,  r)  la  different  from  1,  it  is  usually  more 
convenient  to  consider  the  relative  error 


<2<m,  r) 


g  fa.r) 


I  Y(ni,r)( 

If  we  associate  the  components  of  frequencies  f  and  -f^  the  contri¬ 
bution  of  Che  pair  of  components  is  as  explained  previously,  double  Che 
projection  of  OM^  on  the  real  axis.  Since  the  transfer  function  of  the 
filter  exhibits  the  same  property  of  symmetry  with  respect  to  the  real  axis, 
Che  desired  output  of  the  filter  for  chat  pair  of  components  is  twice  the 
projection  of  OM  on  the  real  axis,  the  actual  output  of  the  filter  is 
twice  the  projection  of  OM^  on  the  real  axis  and  the  error  in  the. output- 
is  twice  the  projection  of  MM^  on  the  real  axis.  Since  all  the  vectors 
OM^,  OM  and  rotate  with  the  same  angular  ratio  (^  ,  the  maximum  output 

occurs  when  la  parallel  to  the  real  axis,  and  the  maximum  error  in 


(6) 


the  output  occurs  when  is  parallel  to  the  real  axis. 
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The  maxlmun  error  in  the  output  Is  equal  to  the  magnitude  of  £  (m,  r) 


multiplied  by  twice  the  maximum  amplltt4e  A(r  f^)  of  the  input  cooiplex 


The  maximum  error  occurs  st  the  time  of  the  maximum  output  only  If  the 
vectors  OK  and  OM^  are  colinear  (Figure  5),  that  Is  when  the  desired  and 
actual  phase  shifts  are  equal  or  differ  by  180^.  Tn  order  to  avoid  this 
ambiguity*  it  is  convenient,  when  M  and  are  colinear,  to  con* 

alder  phase  shifts  always  equal,  and  algebraic  gains;  if  the  vector  OT^ 
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reprt; -Hunting  Y,^(m,  r)  tiutkes  the  angle  0(n,  r)  with  the  real  axis,  the  gain 
is  pccitive;  if  OTj^  makes  an  angle  0(m,  r)  +  180**  with  the  real  axiS| 
the  gain  is  nes^ative. 

There  are  usually  constraints  (relations  between  the  weights  of  the 
filter)  which  have  to  be  satisfied.  Wlien  these  constraints  arc  taken  into 
account,  the  problem  of  designing  a  filter  consists  in  determining  the 
coefficients  a^  of  a  linear  combination  of  known  functions  ^'j(r)  to 
approximate  a  desired  function  H(r),  that  is 

‘§^(r)“H(r>  (7) 

The  coefficients  a.  represent  stAnc  of  the  weights  of  the  filter; 
the  other  weights  are  subsequently  determined  by  the  imposed  constraints. 
h”ncr.  the  rernissiblc  error  (tn,  v)  on  known,  the  permissible 

error  on  HCv)  is  knovm .  At  the  MissjUc  .and  Space  Division  of  General 
Electric,  we  have  clovoloinu;!  n  method  (the  min-nux  technique)  which  minimises 
the  absolute  error  on  II(v).  this  mctltod  rcqulre.s  selection  of  discrete 
values  of  r.  'ft  Is  basically  an  iterative  process  of  weighted  least 
squares,  the  first  iterauion  being  a  regular  least  squares  fit  (all  weights 
equal  to  one) ;  the  weights  for  an  iteration  are  proportional  to  the  residuals, 
that  is  the  errors  or  ’Kr),  obtained  In  the  preceding  iteration.  The 
cutl  oci  apulics  to  COTipu-.s  i  t  ..  cions  'i?i(r)  and  H(r)  as  well  as  to  real 
functions.  In  the  case  of  real  functions,  sane  systematic  procedure  permits 
usually  to  speed  up  the  convergence  of  the  process. 
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So  far  I  have  talked  about  general  laethods  of  evaluating  the  perforMAce 
of  flltera  and  of  designing  the  filter# ,  Now  X  would  like  to  diae^a  briefly 
a  few  specific  types  of  filters  we  have  found  useful  in  our  date  proceielng 
investigations. 

The  first  category  of  filters  I  went  to  talk  about  is  whet  X  cell  the 
cosine  type  filters.  They  are  syaaMtrtc  filters  in  which 

N^  s  -H  Nj  -  H  ®.k  "  ®k 

and  the  output  is  assigned  to  the  tioM  of  application  of  the  weight 

The  actual  transfer  function  of  such  filters  is  a  reel  function,  in 
other  words  the  phase  shift  is  aero,  and  the  transfer  function  la  equal  to 
the  algebraic  gain,  that  is 


Such  filters  do  not  change  the  phase,  but  alter  the  auplitude  of  the 
frequency  components  of  the  sampled  input.  Filters  of  that  category  we 
are  going  to  discuss  are  the  low  low-pass  filters  for  very  strong  saMthlng 
detent)  ination  of  mean  and  trend  analysie,  the  cosine  type  sampliny  fii'tcra 
for  frequency  analysis  and  the  low-pass  filters  for  smoothing. 

The  low  low-pass  filter,  ideally  passes  the  IX!  component  without  altera* 
tion  ,  passes  the  very  low  frequencies  with  an  attenuation  which  increases 
with  the  frequency  ratio, .and  does  not  pass  any  frequency  beyond  a  frequency 
ratio  r^. 
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For  the  design,  we  specify  the  constraint  Gj^(0,0)  •  X:  this  condition 
Is  necessary  so  that  a  constant  input  is  unchanged  by  the  filter.  As  a 
consequence  of  the  symmetry  of  the  filter,  any  straight  line  is  preserved 
by  the  filter.  Also  for  a  certain  number  of  values  of  r  from  r^  to  .5, 
the  desired  gain  is  zero  (Figure  6a) <  No  specification  is  necessary  for  the 
downcurve  (for  r  between  0  and  r^),  but  it  is  hoped  (and  this  Is  • 
effectively  the  case)  that  the  actual  gain  of  the  designed  filter  will  drop 
monot^mlcally  from  1  to  about  zero  in  the  downcurve.  In  the  min<«iax 
method  of  dealgn,  for  a  specified  number  N  (the  filter  has  INt*!  weights) • 
the  value  r^  is  selected  by  trial  And  error  so  that  for  r  between  r^ 
and  .5,  the  error  £  (0,  r)  on  the  gain  does  not  exceed  .01  in  absolute 
value.  That  is,  such  a  filter  does  not  pass  more  than  1%  of  the  maximum 
amplitude  of  any  frequency  of  frequency  ratio  higher  than  r^  (Figure  6b) . 

It  has  been  found  that  for  N  between  5  and  50,  the  product  is 

approximately  equal  to  the  constant  value  .85. 
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Consequently »  the  larger  the  nuint)er  of  weights  in  the  filter >  the  lower 
the  maximum  frequency  which  can  be  passed  by  the  low  low^pass  filter,  hence 
the  closer  to  the  mean  the  output  of  the  filter  remains.  At  one  extreaw, 
if  we  have  F  sampled  data,  if  we  could  design  a  low  low-pass  filter 
having  P  weights  (M  «  ~j~),  we  would  have  only  one  possible  output:  the 
mean.  In  order  to  determine  a  trend,  several  output  points  are  required. 

The  smaller  N,  the  larger  the  number  of  output  points  avsilable,  but  also 
the  more  wiggling  the  trend  curve  can  have,  because  Che  low  low-pees  filter 
passes  higher  and  higher  frequencies.  At  the  other  extreme,  a  filtar  with 
MaQ  (B^  >  1,  and  all  other  weights  sero)  passes  all  the  frequanciee,  does 
not  do  any  smoothing  at  all  and  gives  the  maximum  number  P  of  points  CO 
determine  Che  trend,  but  with  the  maximum  wiggling.  Hence,  one  must  be 
very  careful  about  what  is  desired  Co  determine  the  trend. 

Very  t#ell  known  low  low-pass  filter  is  the  filter  giving  the  commonly 
called  mean  or  average .  All  the  weights  are  equal  to  .  That  filter 

is  also  the  filter  equivalent  to  least  souare  polynomial  fit  of  degree  aero. 

The  filter  which  gives  the  PC  Component  in  Foiirler  enslvsis  is  a  low 
low-pass  filter  having  all  its  weights  equal  to  ^  except  the  weights 

B,»  end  B  which  are  equal  to  .  For  large  values,  of  H,  the^gala. 

"  «  AN 

of  that  filter  ia  practically  Che  same  as  the  gain  of  the  filter  for  deter¬ 
mining  the  mean. 
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Flgui'e  7  shows  the  algebraic  gains  of  two  low  low-pass  filters  with 
>i°50:  one  designed  by  mln-maxt  the  other  the  Fourier  low  lowpass  filter 
It  can  be  seen  that  the  Fourier  filter  drops  to  aero  gain  more  rapidly 
than  the  mln-max  filter,  but  exhibits  a  strong  phase  reversal  (gain  down 
to  -.22)  and  has  oscillations  which  do  not  exceed  .01  only  when  r  be¬ 
comes  larger  than  .20  . 


Fourier  H  -  50 


a) 


b) 


FlCUBZ  7 


(LL) 

If  we  multiply  the  weights  of  a  low  low-pase  filter  by 

2  cos  2irkrg  ,  being  a  selected  valwe  uf  r,  the  algebraic  gain  of  the 
obtained  filter  Is  the  sum  of  the  algebrelc  gain  curves  of  the  low  1oh> 
pass  filter  centered  at  frequency  ratloq  r^  and  -r^. 

Since  for  frequency  ratios  departing  from  eero  by  store  than  r^  the 
oaclllatlons  of  the  low  low-pass  filter  ere  negllgllAet  the  resulting 
filter  has  a  gain  which  la  practically  (he  gain  of  the  generating  low 
low-pass  filter  centered  at  frequency  rgtlo  r^(  and  -tg,  since  all  the 
cosine  type  filters  have  algebraic  gains  which  are  even  functions  of  r). 

The  resulting  filter  is  then  a  narrow  bspd-paaa  filter  centered  at  fre¬ 
quency  ratio  r^.  It  Is  called  the  eoB^|te  type  sampling  filter.  Usually 
slight  corrections  to  the  weights  are  needed  to  satisfy  the  constraints 
G]^(0,0)  >  0  and  Gj(0,r^)  »  1.  In  case  of  the  Fourier  filters,  these  con¬ 
straints  are  satisfied  automatically  when  tg  is  one  of  the  swltlplea  of 
which  are  the  values  always  used  In  Foupier  analysis. 

The  sampling  filter  can  help  us  In  understanding  soewthlng  I  ecnstder 
fundamental  in  the  interpretation  of  the  filtering  techniques t  this  te  the 
frequency  content  of  a  finite  set  of  sampled  data.  When  X  started  this 
expose.  1  assumed  that  the  set  of  sampled  dsta  was  infinite,  hence  the 
various  frequency  components  were  defined  and  the  effect  of  a  filter  on 
the  Input  function  represented  by  this  Infinite  set  of  sampled  data  could 
be  predicted  by  analysing  the  effect  of  the  filter  on  eMh  Individual  fre¬ 
quency  component .  But  the  filter  has  only  F  weights  (or  If  we  want  all 
the  weights  for  k  outside  Che  range  to  N  are  sero),  hence  the  output 
of  the  filter  depends  only  upon  the  sampled  values  to  which  these  wei^ta 
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can  be  applied.  On  the  contrary,  the  function  defined  by  the  infinite 
series  of  sampled  data  depends  mostly  upon  the  sampled  values  not  used 
by  the  filter.  Consequently.  It  can  be  said  that  there  are  intrinsic  fre¬ 
quencies  in  the  finite  set  of  sampled  data  which  are  filtered,  and  properties 
of  these  frequencies  can  be  shown  by  moving  sampling  filtering  along  the 
data.  A  few  examples  will  illustrate  this  point.  If  the  sampled  data 
liave  all  the  sane  value,  the  sampling  filter  with  fg  °  0  (this  is  the 
low  low-pass  filter)  will  produce  a  constant  output  equal  to  the  input 
value;  sampling  filter  with  any  other  value  of  r^  will  produce  an  output 
Identically  zero.  If  a  pure  sine  function  Is  sampled,  the  output  of  a 
sampling  filter  is  a  sine  function  of  same  frequency  and  vt  amplitude  equal 
to  the  axBplitudo  of  the  input  sine  function  multiplied  by  the  gain  of  the 
sanpling  filter  for  that  frequency  ratio.  A  third  example:  after  sampled 
data  have  been  passed  through  for  Instance  a  low-pass  filter  or  a  band¬ 
pass  filter,  some  frequencies  have  been  eliminated;  any  sampling  filter 
centered  on  any  of  the  eliminated  frequencies  produces  an  output  which  la 
practically  sere.  Consequently,  we  can  say  that  in  a  finite  set  of  sampled 
data,  there  are  frequencies,  but  we  cannot  separate  them,  because  the  avail* 
able  cools  (sampling  filters)  have  a  finite  bandwidth.  The  larger  the 
number  of  weights  of  the  sampling  filter,  the  narrower  the  bandwidth  can 
be:  if  the  nusdsec  N  becomes  infinite,  the  bandwidth  becomes  sero  and 
each  frequency  can  be  isolated;  such  a  filter  is  the  Fourier  filter  with 
M  infinite. 
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But  nm,  we  come  to  the  critical  problem,  in  frequency  analysis.  I£ 
we  move  the  sampling  filter  along  a  sst  of  data,  we  can  notice  that  the 
amplitudes  of  the  approximate  sine  functions  obtained  as  output  vary.  The 
spectrum  is  not  constant.  Hence  compromise  must  be  wade  between  freqibncy 
analysis  over  a  small  number  of  data  with  relatively  crude  tools,  but  su££i> 
ciently  accurate  to  detect  the  spectrum  variations  of  interest,  and  frequency 
analysis  over  a  large  number  of  data  points  which  provides  a  fine,  but  possl* 
bly  useless,  average  spectrum. 

It  is  the  beauty  and  power  of  the  filtering  techniques  that,  through 
an  algorithm  as  simple  as  a  weighted  average  with  a  moving  strip,  it  is 
possible  to  operate  with  great  precision  on  a  very  complicated  combination 
of  frequencies. 

1  would  like,  now,  to  talk  about  Che  low-nase  filter.  This  is  a  filter 
which,  Ideally,  passes  without  alteration,  all  frequencies  for  frsquaney 
ratio  from  0  to  r^  (the  cut-off  frequency  ratio),  and  does  net  psss  any 
frequency  beyond  a  frequency  ratio  r^  r^.  In  the  downcurve,  for  frequency 
ratio  r  between  r^  and  r^  r^,  the  gain  should  decrease  monotonlcally 
from  1  to  0. 

As  for  the  low  low-pass  filter,  the  constraint,  Gj^(0,0)  •  1  Iq  impoaad. 
and,  in  the  min-max  method  of  design,  r^  is  selected  by  trial  and  error  to 

limit  |e  (0,r)|  to  .01.  It  has  been  found  that  for  N  between  5  and  50, 

) 

the  prod«ict  N  r^  is  approximately  equal  to  unity. 
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0  -:iTr.ci  the  nuc.ber  o£  wci^hus  in  the  filter,  the 
it  i?  possible  "'..^5'*:  ch.^  rtcvnryrvc.  ’rhi.s  is  advsntageous  in 
sr.Qotring.  occausc  no  :re.iuency  for  i/rcquency  raf-o  smaller  than  r  is 
altered,  all  frequencies  beY«,nd  frequenvy  ratio  v^.  +  arc  eliminated, 
but  the  frequencies  in  the  d.-nsneurve  are  only  aTtonuated.  When  smoothing 
is  perfomed,  it  is rsssti.acd  that  all  the  information  of  interest  is  con¬ 
tained  within  frequencies  lower  tha:*  r  .  and  that  the  domeurve  contains 
a  negligible  amount  of  information.  Although  a  low  low-pass  filter  can  be 
considered  as  a  loy-pass  filter  wit.h  r^  “  0.  it  differs  fundamentally  from 
tho  low-pass  filter  in  t.-  '  :a:r.  that  alt  the  information  of  interest  is 
contained  in  the  dnwnour'/';. 

TJie  cjt-oit  irec-  erxy  .^V:o'ai.d  tp  stlecced  larga  enough  so 

that  no  inforr.af'on  of  interest  is  hut  as  snail  as  possible  to  reduce 

thw  .bC  to  a  ninlimin.  This " sc'ccrion  nuty  h»  vny  difficult  and  only  the 

f 

engineer  or  physicist  vV.o  i«  osev  oi  '.ho  d.i“a  i.s  usually  In  position  to  make 
'the  decision.  The  data  nroi  .?ssing  cion  oan  oximately  what  frequencies 

are  present  in  the  data,  f  'r  instanoo  py  C'lvmtir.e.  the  timber  of  data  points 
in  a  period  (cither  in  the  yrlocipnl  hannoisic  oy  ft',  pome  of  the  ripples): 
the  corresponds r.p  irco  -.pu'”  ratio  is  the  reoirrccal  ot  th.-»t  mwslxjr  of  polncs 
But,  vithots;  hncwijd^it  ■  •  pnonopii'.oti  under  .svudy,  the  data  processing 

ran  vsrrot  ';tat?  whlth  ‘  . '.jclong  to  the  p'itO'r!CTntnoa,  and  which  are 

noise.  Xncidencly,  i:.  ^i.sr.o  iateu,  d;e  engineer  oi  physicist  cannot  either 
and  processing  with  vaiious  value.s  i-:  nsy  be  useful. 


O^CO.r) 


Pj(0,r) 


FIGURE  8 
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7h^  loast  square  polynomial  fit  of  sampled  data  is  equivalent  to  a 
low-pass  filter  whose  weights  and  algebraic  gain  can  be  determined.  For 
instance,  Figure  8  shows  the  algebraic  gaihs  of  filters  equivalent  to  least 
Square  polynomial  fits  of  degrees  2  and  h  over  11  points  (N=5)  and  two  low 
pass  filters  designed  by  mln-mEcc  with  the  same  number  of  weights.  It  can  be 
seen  that  beyond  the  first  zero  crossing,  the  least  square  polynomial 
'liters  exhibit  strong  oscillations.  For  Instance,  the  least  square  quad¬ 
ratic  filter  still  passes  of  the  amplitude  of  frequency  components  of 
frequency  ratio  .30.  The  least  square  polynomial  fit  of  sampled  data  is 
just  a  particular  case  of  filtering  techniques.  Consequently,  theria  ij  no 
sense  in  talking  of  least  square  polynomial  ttt  versus  ITiltering  techn'’';”?^? , 
The  question  is:  Do  we  want  a  filter  vtlth  a  gain  curve  like  the  one  corres¬ 
ponding  to  a  least  square  polynomial  fit?  Personally,  I  do  not  think  this 
is  a  very  good  choice  as  the  Figure  8  shows  for  instance.  The  degree  and 
number  of  points  of  the  least  square  polynomial  fit  determine  the  gain  curve. 
On  the  contrary,  the  great  advantage  of  the  general  filtering  techniques  is 
that  the  same  gain  curve  can  be  specified  for  any  number  K:  the  larger  N, 
the  closer  It  Is  possible  to  approximate  the  specified  gain  curve,  that  is 
all.  In  our  data  processing  of  flight  test  data,  we  comnonly  use  low-pass 
filters  with  N=50  (101  weights)  and  a  large  variety  of  cut-off  frequency 
ratios . 
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I  would  like  to  say  a  few  words  «)}put  another  category  of  filters, 
the  sine  tvoc  filters.  They  are  skew  lynnetric  filters,  in  which 

Kj  -  -M  Nj  -  N  -  0  (10) 

and  the  output  is  assigned  to  the  time  of  application  of  the  weight 

The  actual  transfer  function  of  awch  filters  is  a  pure  inaginaxy 
function:  in  other  words,  the  phase  shift  is  -4-90**,  and  the  transfer  func¬ 
tion  is  equal  to  the  product  of  J  by  the  algebraic  gain,  that  is 

0j_<O,  r)  ■  90® 

Tl<0.  r)  -  J  Ci(0,r)  (11) 

N 

with  Gi(0,r)  <•  2  ^  B.  sin  BITkr 

k-1 

We  will  discuss  two  examples  of  sine  type  filters:  the  differentiator 
and  the  sine  type  sampling  filters. 

A  differentiator  is  a  filter  used  to  determine  the  derivative  at  the 
central  point  of  a  set  of  BlH-l  senpled  data.  The  gain  of  on  ideal  diff¬ 
erentiator  is 

G(0,r)  -  2irf  -  2ft'r  f^  (-.SdTr^  ,S>  (12) 

For  r  •>  .5  and  -.5,  the  respective  values  ok  the  ideal  gain  are 
Tff^  and  -  TKfg.  But  for  r  -  +  .5,  the  value  of  the  gain  of  on  actual 
differentiator  it  0,  hence  an  actual  differentiator  can  approximate  an  ideal 
differentiator  only  for  a  limited  rsn^e, -r2  to  r2  ,  of  values  of  r. 
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since,  when  r  varies  front  0  to  r^,  the  ideal  gain  varies  from  0  to 
2(Tr2  fg,  the  performance  of  the  actual  differentiator  can  be  best  evaluated 
by  the  relative  error 


n  (o.r) 


LLOgrl 

G(0,r) 


(13) 


In  order  for  the  relative  error  to  remain  small  in  the  neighborhood  of 
r  0,  the  derivative  of  the  absolute  error  £.(0,r)  for  r  <•  0  must  be  aero. 
This  provides  a  constraint  between  the  weights  of  the  differentiator.  When 
this  constraint  is  satisfied,  the  actual  differentiator  yields  a  constant 
value  for  the  derivative  of  a  sampled  linear  function. 

When  differentiators  are  designed  by  mln-max  technique,  it  is  found 
that  only  a  few  weights  are  needed.  For  Instance  N=2  (5  weights)  gives  a 
relative  error  not  exceeding  .1?.  for  r  up  to  .10,  and  17.  for  r  up  to  .18. 

Vi’hen  differentiation  follows  smoothing  by  a  low-pass  filter,  it  is 
assumed  that  the  frequency  components  in  the  dewncurve  of  the  low-pass 
filter  gain  are  negligible  per  comparison  with  the  components  of  frequency 
ratio  smaller  than  the  cut-off  frequency  ratio.  If  this  is  not  the  case, 
the  results  may  be  grossly  in  error,  because  the  gain  of  a  differentiator 
is  proportional  to  the  frequency  ratio.  As  a  consequence,  since  all  thfj 
information  passed  by  s  low  low-pass  filter  is  contained  in  Its  downcuwe, 
results  of  differentiation  after  smoothing  by  a  low  low-pass  filter  depend 
very  strongly  upon  the  selection  of  the  low  low-pass  filter. 
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Incidentlyi  •  simple  algorithm  permits  to  compute  the  velghCS  Qf  a 
single  filter  producing  the  same  result  as  the  application  of  tvo  filters 
in  succession  (for  instance,  lowpasf  filter  followed  by  differentiator) 
but  this  does  not  have  much  practical  interest. 

If  we  siultiply  the  weights  low-pass  filter  by 

2  sin  27rk  rg,  the  obtained  filter  la  of  the  sine  type,  and  its  algebraic 
gain  is  the  difference  of  the  algebraic  gain  curves  of  the  low  low-pass  fil 
ter  centered  at  frequency  ratios  r^  gpd  -r^.  The  resulting  sine  type 
sampling  filter  Is  a  very  narrow  band*pass  filter  which  behaves  like  the 
cosine  type  sampling  filter  that  we  have  discussed  previously,  except  that 
it  introduces  a  phase  shift  of  90*^  instead  of  O**  on  all  frequency  com¬ 
ponents.  The  comments  we  made  on  the  cosine  type  sampling  filters  can  be 
applied  to  the  sine  type  sampling  filters. 

The  last  category  of  filters  I  want  to  talk  about  is  the  generalised 
filters,  which  have  no  symmetry,  hencs  have  complex  transfer  functions.  X 
will  discuss  only  one  type:  the  interpolation  filter.  This  is  a  filter 
which  ideally,  for  all  frequency  components  of  frequency  ratio  not  exceed¬ 
ing  a  selected  maximum  value  1.2,  has  unit  gain  and  phase  shift  equal  to 
m.360*’,  where  at  is  the  fraction  of  the  sampling  Interval  corresponding 
to  the  time  at  which  the  Interpolated  value  is  desired.  Each  value  of  m 
requires  a  separate  filter.  Usually  two  constraint's  are  added  so  that  a 
linear  function  is  not  altered  after  being  passed  through  the  interpolation 
filter. 
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lu;erp  olacion  filters  have  been  designed  by  tnin-max  technique.  It 

has  been  found  that  for  r  *  .20,  filters  designed  with  K  =  »3,  N.  ■  3 

2  12 

and  various  values  of  m  from  -.3  to  .5,  have  transfer  functions  for  which 
the  magnitude  of  t  (m,  r)  does  not  exceed  .0004  for  values  of  r  not  ex¬ 
ceeding  .20. 

For  any  value  of  m,  there  is  a  generalized  filter  equivalent  to  the 
Ijterange  Interpolation  Formula  using  sampled  data  points  for  k  from  Nj^ 
to  Nj.  Hence  it  is  possible  to  evaluate  the  I.agrange  interpolation  formula 
by  determining  the  transfer  function  of  its  equivalent  generalized  filter. 

It  can  be  shown  that  when  Nj.  and  Nj  go  respectively  to  -o®  and  +  o®  ,  the 
Lagrange  interpoi«''<'’ni  m-.  iTOie.s  a  pi.- f  iVi,  l  1. that 

is  £  (m,  r)  =  0  for  all  values  of  r  from  0  to  .5.  It  is  good  practice 

to  take  Nj^  =  ■■  N2  =  -  N.and  have  m  between  -  .5  and  .5.  For  given  m 

and  selected  permissible  maximum  value  of  the  absolute  error  |£’  (m,r)|  ,  r2 
increases  monotonically  as  N  Increases.  For  instance,  for  N  ®  50,  and 
o  not  exceeding  .5,  /f  (m,r)|  does  not  exceed  lO”^  for  any  value  of  r 
not  larger  than  .30. 

It  must  be  remembered  that,  for  a  finite  set  of  sampled  data,  there  is 

no  such  thing  as  the  value  of  the  function  at  any  time  other  than  at  the 

sampling  times:  a  function  is  defined  only  if  k  goes  from  -»•  to  -rOo 
But  it  is  possible  to  consider  the  sequence  of  approximations  of  that  unknown 
value  obtained  by  Lagrange  interpolation  formula  with  increasing  values  of 
H.  Beyond  a  certain  value  of  N,  the  successive  approximations  are  equal 
for  all  practical  purposes.  Care  must,  be  taken  to  limit  the  round  off  errors: 
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for  large  values  of  N,  each  weight  must  he  defined  with  enoagh  atgniHcakt 
digits,  hence  double  precision  may  be  neeessary  for  eomputing  the  inter¬ 
polation  value. 

It  is  often  said  that  "wiggling"  Inpreases  when  the  degree  of  the  * 
Lagrange  interpolation  polynomial  Increaies.  If  the  wiggling  la  not  pro¬ 
duced  fay  the  skewness  of  the  filter  not  close  to  -M2)>  end  by'  ■'  being 
larger  than  .5,  the  wiggling  really  exists  in  the  data,  and  is  shown  when 
N  is  sufficiently  large.  Eliminating  this  wiggling  Is  a  sisoothing  opera¬ 
tion,  which  can  be  best  performed  by  firgt  smoothing  the  sampled  data  points 
by  a  low-pass  filter  as  discussed  above,  then  interpolating  with  a  Lagrange 
in- ■  i  ji-' I  ir-  '  '  r-f.iitai  i-d 

in  the  data  have  been  eiinuiiateu . 

1  would  like  finally  to  say  a  few  words  about  various  methods  of  fre¬ 
quency  analysis. 

We  have  discussed  the  Fourier  method,  which  Is  computer  time  consuming 
when  applied  to  a  large  number  of  data  points,  and  Is  of  poor  accuracy  when 
applied  to  a  small  number  of  data  points,  From  the  result  of  the  cosine 
type  and  sine  type  Fourier  sampling  filters,  estimates  of  the  power  spectral 
density  A^(r.  f.)  can  be  computed  by  the  sqtiare  root  of  the  sum  of  the 
squares  of  the  output  of  the  sampling  filters  for  r  >  r..  Estlnets  of  the 

9 

phase.  4' f^)  can  be  obtained  also. 
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ihe  power  spectral  density  can  also  be  determined  by  averaging  the 
squares  of  the  outputs  of  one  sampling  filter  (cosine  type  or  sine  type)  . 

Tnis  is  the  digital  equivalent  of  a  classical  analog  filier  technique.  The 
digital  operations  are  quite  time  consuming  and  the  resul':  depends  upon  the 
compromise  between  the  bandwidth  of  the  Sampling  filter  and  the  number  of. 
outputs  available  for  squaring  and  averaging. 

In  brief,  frequency  analysis  by  filtering  techniques  Is  not  very  effi¬ 
cient.  On  the  contrary  frequency  analysis  by  Fourier  transform  of  autoco- 
varlance  (average  lagged  products)  is  very  fast.  The  accuracy  is  limited 
by  two  facts:  with  a  finite  set  of  sampled  data,  only  estimates  of  autoco- 
varlancc  can  be  obtained,  and  only  a  finite  ntmiber  of  terms  of  the  Fourier 
series  are  available.  The  result  is  a  noisy  spectrum  which  has  to  be  smoothed. 
Tultey  uses  s  very  veak  low  low-pass  filter  having  N  ■  1.  We  have  obtained 
results  which  appear  more  satisfactory  by  using  a  low  low-pass  filter  hav¬ 
ing  No5.  However,  one  always  wonders  how  the  infunnation  is  altered  by 
smoothing.  In  addition,  as  explained  previously,  any  frequency  analysis 
Involves  a  compromise  between  a  rough  but  varying  spectrum  defined  by  a 
small  number  of  data  points  and  a  fine  average  spectrum  defined  by  a  large 
number  of  data  points. 

Filtering  techniques  can  be  used  advantageously  in  power  spectral  anal¬ 
ysis  of  very  low  frequencies  contained  in  extremely  large  sets  of  sampled 
data.  The  data  are  passed  through  a  Irs^-pasn  filter  so  that  the  sampled 
frequency  of  the  filtered  data  can  be  raduced  considerably;  in  that  manner, 
the  number  of  calculations  necessary  in  the  determination  of  autocovariances 
is  not  prohibitively  large. 
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In  this  expose,  1  heve  attempted  to  stress  the  Importance  of  the  notion 
of  treqiiency  content  of  a  finite  set  of  sampled  data,  to  show  how  this  can  be 
used  to  develop  filtering  techniques  and  apply  them  intelligently  and  with 
caution.  1  have  limited  to  a  minimum  the  number  of  equations.  Mathematical 
developments  in  the  theory  and  design  of  the  filters,  snd  numerical  results, 
for  Instance  the  weights  and  performance  of  specific  filters,  sosm  of  thcsi 
which  have  not  been  discussed  here,  can  be  found  in  a  report  (*)  which  la 
available  upon  request. 
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('*)  H.  A,  Martin  —  Digital  Filters  for  Data  Processing,  TIS  MO.  62SQ684, 
General  Electric  Company,  Missile  and  Space  Division, 
P.  0.  Box  8555,  Philadelphia  1,  Pennsylvania, 

October  1962.  ' 
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RADAR  ANALYSIS  Pi^QRESS 
PRESniTATIOK  TO  DATA  USER'S  CONJERENCE  1963 


abstract 


1. 

The  presentation  on  radar  topics  given  to  the  1962  Data  User's  Conferenoe 
familiarized  the  audience  with  the  philosophy  of  RCA^'iTP  radar  accuracy 
evaluations  and  characterized  several  associated  projects.  In  continuing 
the  program  outlined  at  that  time,  the  radar  systems  evaluation  activities 
during  the  past  year  covered  studies  of  the  operational  accuracy  of  several 
Ah*/F?S-l6  radars  which  not  only  permitted  oonsolidation  of  the  present 
«ocia:acy  oapabilitiej  but  also  revealed  areas  of  errors  and  tracking  prob¬ 
lems  which  require  continued  efforts  towards  adequate  solution. 

In  supporting  the  AJR  radar  activities,  a  variety  of  problems  in  the  cate¬ 
gories  of  Systems  Application,  Data  Utilisation  and  Operational  Techniques 
were  dealt  with.  To  illustrate  these  efforts  in  improving  the  Ai'IR  radar 
utility,  highlights  are  presented  on  the  subjects  of  reflectivity  meosur- 
ments  ns  the  "4th  data  coordinate",  refinements  in  tersilnel  trajectory 
coverage,  and  experience  from  .EliCUKY  radar  operations. 

2.  A.c.gMracy.  Evaluation 

To  ffiin  r  realistic  simroy  of  the  accuracy  of  the  uprange  AK/l'rD-l6  radars 
during  live  missile  opei’atlons,  the  radnrs  at  Cspe  Canaveral,  Grand  Bahama, 
Carter  Cay  and  Can  Ualvndor  were  examined  in  great  detail,  and  nutaeriosl  in¬ 
vestigations  were  extended  to  the  radnrs  at  Patrick  A.f.B.,  East  Island  (f.S. ) 


go-?® 
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ar;ii  j^,?i5nsion.  For  the  uprange  radars,  the  AZUSA  MK  II  system's  position 
da-i  ser-^ed  as  reference,  and  typical  ballistic  missile  tests  were 
selected  to  obtain  overlapping  data  coverages  well  in  excess  of  100  sec. 
diuration. 

The  coimnon  objectives  of  the  evaluations  consisted  of  determining  the  dis¬ 
persion  and  bias  values  in  the  radar  data  under  the  conditions  oharacteris- 
■*1081  for  the  investigated  tests.  Furthermore,  efforts  were  devoted  to  the 
identification  of  errors  of  unexpected  nature  and  magnitude  which  were 
detected  frequently  and  stressed  the  importance  of  the  station-by-station 
analyses.  In  selecting  inissile  ti'acKs  for  radar  accuracy 
evaluation  ourposes, 

a  long  data  time  span  is  of  primary  importance  and,  secondly,  it  is  desirable 
to  cover  favorable  as  well  as  problematic  tracking  conditions  in  order  to 
dispi?;  the  resulting  variations  in  data  quality.  It  should  be  noted  that 
only  few  vehicles  are  equipped  with  beacon  antenna  systems  which  provide  con¬ 
tinuously  good  signal  propagation  for  the  upranga  and  midcourse  radars  and, 
therefore,  almost  every  missile  type  reveals  tracking  peculiar! titles  which 
exert  some  degrading  effects  upon  the  quality  of  radar  track. 

The  random  errors  in  the  radar  data  which  are  customarily  evaluated  by  the 
ariate  difference  method  over  short  (2  sec)  time  spans,  have  not  revealed 
new  Information  and  aga'n  confirmed  good  correlation  between  their  magnitude 
ana  the  predictable  receiver  noise  effects.  For  this  reason,  checks  on 
consistency  between  predicted  and  observed  random  noise  are  e  valuable  tool 
for  detecting  departiires  from  nominal  performance  as  they  may  occur  due  to 
imperfect  systems  alignment  (radar-dependent  causes)  or  due  to  target  glint, 
beacon  pattern  effects,  or  signal  scintillations  (target-dependent  causes). 

As  examples  for  this  type  of  checks.  Figs.  1  and  2  display  estimates  of 
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random  errors  in  radar  angle  data  vs  '(4po>ooiDeldent  reciter  S/N  ratio,  "wd 
the  straight  referen'e  lines  ^  th(S/N)  Represent  the  nominal  relatlehshlp  ' 
between  random  errors  and  algnal-to-notse  ratio  predicted  on  the  basis  of 
the  teohnloal  radar  operating  parameters.  Whereas  Fig- 1  testifies 
remarkably  good  agreement  of  the  experimental  data  and  a  somewhat  beitetr  than 
expected  rader  performance.  Fig.  2  portrays  the  situation  when  tha  radar  was 
in  basically  good  alignment  but  encountered  severe  disturbances  from  beacon 
pattern  irregularities  and  associated  shifts  of  the  radar  balance  point. 

In  general,  the  AMR  experiences  with  AN/FPS-16  radars  show  that  the  random 
noise  can  he  held  close  to  the  thermal  noise  predictions,  and  the  guide 
values  =  10  ft  and  JS  0.l"are  considered  as  a  conservative 

standard  for  track  under  fairly  stable  signal  conditions.  There  are  condi¬ 
tions  where  the  random  noise  renders  lower  than  predicted  values.  These 
departures  usually  coincide  with  tracking  conditions  which  appro-ach  the 
static  case,  l.o,,  when  the  dynainic  sepvo  requirements  are  small  or  negligible. 
Necessarily,  any  stiotion  effects  produce  the  net  result  of  no  noise  during 
the  time  the  antenna  is  held  stationary,  and  conversely,  the  appearance  of 
zero  noise  d’uring  track  at  low  angular  rates  is  a  good  indicator  for  the 
existence  of  stiotion. 

The  combined  random-and-ovclie  errors,  which  are  evaluated  from  the  radar/re¬ 
ference  differences  and  expressed  in  terms  of  standard  deviations  about  a 
constant  mean,  displayed  values  larger  than  the  random  errors.  This  is  as 
expected  since  the  AZUSA/Radar  differences  reflect  the  error  speotrum  down  to 
virtual  zero  frequency  components  (constant  bias)  and,  consequently,  reveal 
the  radar's  low  frequency  errors  which  are  excluded  by  the  variate  difference 
evaluation. 
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Vibeti  ignoring  those  tracking  portions  where  mviltipath  interference  or  veri¬ 
fied  -target-dependent  disturbances  produced  excessive  tracking  jitter,  the 
gi'and  average  of  the  dispersions  obtained  from  a  total  of  several  thousand 
seconds  tracking  time  yielded  the  guide  values  ^  =  20  f t  and  ^  = 

0.2.  These  estimates  necessarily  include  the  noise  oon-tributlons  by  the 
AZUSA  reference  data  and  a  slight  inflation  due  to  the  fact  that  the  parallax 
h  oween  AZUSA  and  Hadar  tracking  reference  on  the  vehicle  was  not  reconciled. 
The  errors  originating  from  this  cause  are  most  pronounced  in  the  radar  range 
data  and  even  permit  to  reconstruct  the  magnitude  of  the  apparent  parallax. 

It  is  worth  noting  and  testifies  for  the  general  perfomance  status  of  the 
radars  that  there  are  no  drastic  differences  between  the  average  data  quality 
of  different  radar  stations.  Test-to-test  varinu-lon.-;  are  certainly  notice¬ 
able  and  largely  related  to  target  type,  tracking  geometry,  and  signal 
quality. 

la  the  class  of  radar  bias  errors,  the  accuracy  evaluations  failed  yet  to  dis¬ 
play  consistently  smell  magnitudes  of  the  elevation  and  range  bias  although 
the  field  radar  orientations  and  any  corrections  are  carried  out  most 
diligently.  The  problems  in  this  area  are  more  deep-rooted,  and  continued 
investigations  are  necessary  to  assess  the  stability  of  the  orientation  tar¬ 
gets,  consistency  of  radar  alignment,  effects  of  propagation  between  radar 
and  tracked  vehicle,  and  v.he  errors  which  laay  be  hidden  even  in  the  reference 
data  and  their  transformation.  To  illustrate  the  biao  problem,  it  was  found 
that  the  AZUSA  IX  Il/iladar  data  comparisons  yielded  average  negative  range 
bias  in  the  radar  data  from  all  stations,  and  that  the  test-to-teat  disper¬ 
sions  were  smallest  for  radar  1.16.  Whereas  the  general  tendency  cannot  be 
explained  at  this  time,  the  display  of  a  particularly  small  spread  in  the 
radar  1.16  range  calibrations  appears  to  be  the  res'ult  of  zero  settings  on 
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an  uncluttered  range  target  (located  In  ^be  Indian  River)  and  of  the.  faotr 
that  this  radar  can  usually  measure  the  yange  to  the  missile  already  prior 
to  its  launch  and  align  the  range  tracker's  beacon  delay  oorreetion  asoording 
to  the  surveyed  radar/pad  distance.  At  several  downrange  stations,^ the  range 
calibration  targets  are  less  favorably  located.  Since  the  beacon  delay 
adjustments  need  to  be  made  on  the  basis  of  reported  uprange  measurements, 
zero-set  bias  introduced  by  the  local  reference  target  remains  In  the  data. 
Aside  of  the  examination  of  the  radar  accuracy  under  field  operating  con¬ 
ditions,  the  station-by-station  studies  proved  quite  beneficial  with  regard 
to  the  detection  of  tracking  problems  peculiar  tc  the  physical  and  tracking 
environment  of  individual  radars'.  A  few  of  these  unforeseen  problems  and 
the  actions  taken  to  their  solution  are  presented: 

a.  The  radar  3,16  displayed  unusually  large  Azimuth  errors  when  track  was 
acquired  on  ballistic  missile  launches  at  low  elevation  angles,  and  larger 
than  typioal  overwater  multipath  noise  persisted  in  the  elevation  data  up  to 
about  2,3°,  The  compilation  of  data  from  a  numbex  of  similar  tes'ts  and  their 
normalization  with  respect  to  Azimuth-dependent  errors  A  &  fairly 

well  behaved  pattern  which  proved  that  the  radar's  Azimuth  data  in  the 
direction  of  Cape  Canaveral  contain  errors  with  magnitudes  between  -I'and 
-3  as  long  as  E<<1.5°.  Figure  3  displays  the  results  from  four  tests  in  the 
form  of  plots  of A  A  vs. A  with  accompanying  curves  E(A). 

A  plausible  explanation  for  these  phenomena  consists  of  the  radar  3,16  sur¬ 
roundings  by  high  trees  some  of  which  are  cut  off  to  form  an  aisle  in  the 
direction  of  the  launch  area.  The  tree  fonoations  along  the  aisle  are  well 
capable  of  generating  multipath  interference,  parti  trilarly  when  high  humidity 
raises  their  reflection  coefficient,  Clnoe  the  errors  are  beyond  control  and 
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T.heir  ‘.ost-tb-test  vai'iations  are  rather  sizeable,  no  satisfactory  error 
correction  can  be  accomplished  and  it  was  found  preferable  to  limit  the  pub¬ 
lication  of  radar  3.16  flight  test  data  (xya)  to  the  condition  where  E<2.5°. 
b.  During  tracks  on  particular  missile  types,  the  rader  0.16  end  3.16  &2US& 
data  comparisons  evidenced  temporary  systematic  Azimuth  and  Elevation  errors 
which  occur  time  coincident  with  the  passage  of  strong  croas-polariaation 
between  beacon  and  radar  antenna.  The  errors  represent  a  special  version  of 
target-dependent  angular  scintillation  noise  such  as  commonly  knovm  as  glint 
and  also  encountered  in  conjunction  with  the  passage  of  beacon  pattern 
minima.  In  these  particular  cases,  the  angular  aberrations  reached  magni¬ 
tudes  of  up  to  approximately  2  at  Radar  3.16  and  of  up  to  more  than  1®  at 
Radar  0.16.  The  significance  of  this  kind  of  disturbances  which  were  observed 
occasionally  also  at  other  stations,  lies  in  the  difficulty  of  their  identi¬ 
fication  and  in  the  great  problem  of  their  correction.  Of  particular 
interest  is  the  situation  at  Radar  3.16  (fig.  u)  where  the  shift  progresses 
quite  slowly  and  gives  no  other  indication  than  a  barely  noticeable  decay 
and  recovery  of  the  signal  strength.  By  comparison,  the  error  development 
takes  place  far  more  rapidly  at  Radar  0.16  and,  consequently,  manifests 
itself  by  servo  errors  proportional  to  the  dynamic  torque  requirements. 
Regardless  of  this  indication,  only  a  knowledgeable  observer  is  able  to 
properly  interpret  these  recordings  in  real  time  (Fig,  5),  To  avoid  that 
this  type  of  errors  Inadvertently  enters  the  flight  tost  data  publications, 
several  approaches  are  taken: 

a.  On  the  basis  of  AZUSA/Radar  data  comparisons,  the  radar  tracking 
quality  is  examined  swid  spans  containing  position  differences  in  excess 
of  200  ft.  are  not  published. 
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b.  The  data  spans  missing  from  a  certain  station  on  aoootjftt  of  editing 
(a.  above)  are  replenished  if  data  from  another  radar  are  available. 

0.  In  the  oase  of  polarisation  -  dependant  errors,  it  is  attempted  to 
obtain  undegraded  data  from  a  rader  olroumventing  the  prcblem  by  using 
circular  antenna  polarisation. 

d.  As  a  long-term  solution,  improved  vehlcle/radar  antenna  compatibility 
is  pursued, 

e.  If  a  solution  (d)  cannot  be  accompllshsd  and  the  trajectory/radar 
geometry  permits,  skin  track  can  be  selected  as  alternate  mode  to  bridge 
the  time  portions  during  which  beacon  track  is  disturbed.  Even  a  moderate 
degradation  of  data  quality  by  increased  noise  Is  preferable  to  the  un¬ 
certainties  of  disttarbed  beacon  track,  particularly  in  real-time  data 
utilisation  for  present-position  and  Impact  Prediction  displays. 

In  pursuing  the  instrumental  solutions,  the  operation  of  the  Carter  Cay 
Radar  with  circular  antenna  polarization  has  rendered  quite  satisfactory 
results,  demonstrated  by  apparent  immunity  against  balance  point  abifts 
which  were  experienced  simultaneously  at  the  Grand  Bahama  Radar  under  cloaely 
similar  tracking  geometry.  To  gain  better  insight  into  the  parameters 
governing  this  particular  problem,  a  cross-polarization/tilt^  pbaae  front 
simulator  is  engineered  to  permit  tests  under  controlled  conditions. 

Fig.  6  shows  the  results  of  a  cross-polarization  run  which  demonstrates  the 

> 

radar's  Azimuth  and  Elevation  axis  shift  at  oross-polarizatlon  angles  above 
70°. 

3,  Radar  Cross-Sectional  Area  Measuren^ents 

In  the  past  1-1/2  years,  the  AMR  received  an  increasing  demand  for  reflec¬ 
tivity  data  on  various  vehicles;  e.g.,  entire  missiles.,  reentry  bodies, 
ind  space  vehicles.  To  meet  these  demands  with  adequate  accuracy  aet’ 
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pi^C'jssi.; :  efficianoy  prior  to  the  availability  of  the  AN/FPQ-6,  AN/TPii-lS 
ar.'i  rjii:.  rsisrs,  several  Ali/r?S-l6  radars  vere  suitably  instrumanted  and 
i  processing  routines  developed.  The  chart  (Fig.  7)  shows  the  extent  of 

present  facilities  by  listing  the  AMR  C-Band  radar  stations  and  their  equip- 
Jiient  for  signal  strength  recordings.  Aside  of  the  standard  strip  chart 
recording,  fotir  radars  are  equipiped  with  DC/fI"!  converters,  five  radars  with 
dual  channel  recording  capability,  and  one  radar  offers  video  film  record¬ 
ing  of  the  output  of  a  lin-log  receiver  for  multi-target  registration. 

The  dual  channel  modification  is  notewortliy  for  the  reason  that  it  permits 
j  collection  of  ocho  data  by  means  of  e  separate  (non-tracking)  receiver 

channel  which  is  gated  at  echo  arrival  time  while  the  radar  tracks  the 
vehicle's  beacon.  In  this  manner,  echo  data  can  be  obtained  from  opera- 
xional  targets  without  in-&erference  between  the  objectives  of  high-wjuality 
;.etr-o  -aca  collection  and  reflectivity  measurenients . 

Wliile  the  reduction  of  reflectivity  data  from  analog  and  film  recordings 
requires  tedious  hand  reading  of  the  individual  lueaaure.nents ,  at  the 
desired  sampling  rate,  the  DC/H;  converted  AGO  voltage  mensurements  are 
suitable  for  automated  processing  of  largo  and  densely  sampled  data 
quantities  and  thereby  offer  higher  time  resolution  and  fine-grain  ampli¬ 
tude  quaniiaation.  for  these  advantages,  the  necessary  computer  programs 
were  established  and  radni-  calibration  methods  finalized  which  deliver 
high-grade  cross-sectional  data  as  a  side  product  of  the  radar  missile 
tracking  operations.  The  flow  diagram  (Fig.  8)  shows  the  principal  steps 
of  the  program  which  yields  C-Band  reflectivity  data  in  plotted  and  tabular 
form  at  a  data  rate  of  lO/sec  (filtered  AOC)  or  lOO/seo  (unfiltered) : 

The  radar's  analog  AGC  voltage  controls  a  telemetry-type  DC/BM  converter 
the  frequency  of  which  is  recorded  on  magnetic  tape,  using  a  spare 
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channel  of  the  standard  digital  data  raoordor.  To  provide  the  required 
frequency  discrimination,  a  tape  speed  of  ips  is  employed.  The  re¬ 
cordings  are  linearized  and  quantized  in  the  Automatic  Telemetry  lieduotion 
(TARE)  process  and  yield  ntimerical  values  S/N  (t)  at  a  sampling  rate  of 
lOQ/sec. 

cross  aTCa  data  A  (t)  are  derived  in  the  “RACO"  program  which  filters 

o 

the  lOO/sec  S/R  measurements,  accepts  the  padar  range  data  R(t}  and  solves 
Ag^  (  db/iB^)  =  S/Ni  (db)  40  log  Rj  (yds)  *  C 

where  C  is  the  station  constant  describing  the  radar's  RF  loop  gain,  de¬ 
rived  from  track  on  a  target  of  known  radar  cross-sectional  area  (usually 
the  standard  6"  diameter  aluminum  sphere),  The  computer  results  A^  (t)  are 
presented  in  tabular  form  as  exemplified  by  Pig.  9,  consisting  of  a  machine 
plot  with  time-coincident  tabulation  of  the  numerical  reflectivity  values. 

The  amplitude  resolution  of  the  maching  plot  is  usually  selected  to  display 
0.5  db/step,  whereas  the  numerical  values  are  rounded  off  at  the  3rd 
decimal  place.  To  aid  the  data  interpretation  by  the  user,  the  GEPL  display 
contains  in  addition  to  the  data  Ag  (t)  a  machine  plot  and  tabulation  of 
;he  values  S/N(t)  recorded  by  the  radar,  These  data  permit  easy  recog¬ 
nition  of  conditions  under  which  the  reflectivity  data  become  of  questionable 
value  or  invalid j  e.g.,  when  s/N  =  0  or  when  the  S/N  ratio  exceeds  the 
dynaxiic  range  of  the  DC/PW  converter,  thus  resulting  in  clipped  reflectivity 
data. 

To  demonstrate  the  reproduction  of  signal  strong'th  measuramonts  by  the  DC/rM 
conversion  process.  Fig,  10  shows  a  brief  interval  of  analog  echo  AGO  record¬ 
ing  and  the  time-corresponding  unfiltored  "TARE"  data.  Note  that  the 
limited  response  of  the  analog  recording  obscures  details  of  ihe  signal 
structure,  particularly  when  large  amplitude  variations  alternate  in 
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in  rapid  sequence, 

^/hen  reconciling  the  field  measurements,  radar  AGO  calibration,  sphere 
track,  and  computer  processing  required  for  producing  reflectivity  data, 
the  question  may  be  raised  why  the  data  manipulation  does  not  resort  to 
the  somewhat  simpler  method  of  comparing  test  vehicle  measurements  directly 
with  sphere  track  measurements,  this  method  which  lends  itself  to  a 
solution  requiring  only  a  relative  rather  than  an  absolute  S/U  calibration 
of  the  radar's  AGO  voltage  has  been  considered  but  was  bypassed  for  reasons 
which  are  peculiar  to  the  Ai-fll  i-adar  operations  philosophy. 

In  order  to  monitor  and  doouii.ent  the  radar  KF  systems  performance,  sphere 
tracks  are  liade  at  regular  intervals.  And  furthermore,  the  post-flight  per- 
fonrianoe  evaluations  require  dependable  S/K  calibrations  which  permit 
comparison  between  predicted  and  observed  signal  strength  and  investigation 
i-henoaens  such  as  flame  attenuation  and  reentry  propagation  losses.  For 
these  purposes,  accurate  S/K  calibrations  are  a  matter  of  dally  routine, 
and  any  sphere  track  is  wed  to  re-check  the  radar's  RF  performance.  With 
these  field  procedures  being  a  matter  of  course  and  delivering  the  cali¬ 
brations  3/li  vs.  AGC  and  the  constant  C,  it  is  most  expedient  to  design  the 
reflectivity  data  processing  as  initially  outlined. 

The  quality  of  reflectivity  measurements  produced  by  the  described  program 
has  been  analyzed  from  the  viewpoints  Of  absolute  accuracy,  dispersion, 
and  dependency  on  signal  level.  For  this, sphere  tracks  were  conducted 
and  the  routine  processed  data  compared  with  the  nominal  results,  Tiie 
tabulation  (Fig,  11)  lists  the  numerical  results  of  such  an  evaluation  in 
terms  of  the  mean  error  in  a  10  sec,  data  span,  the  standard  deviation  of 
the  data  in  the  same  span,  and  finally,  the  grand  totals  for  runs  performed 
by  three  different  radars.  Each  set  of  measurements  belongs  to  a  certain 
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target  distance,  and  the  range  difference  between  successive  seta  is 
2,000  yds.  Fig  12  displays  the  error  distributions  from  the  same  data 
sets  and  stresses  the  small  atation-to-station  variability  as  well  as  the 
relatively  small  dispersions  and  their  nearly  uniform  station-to-statlon 
profile.  On  the  basis  of  these  anlyses,  it  was  found  safe  to  state  that 
the  measurements  collected  by  any  one  of  the  radars  would  produce  reflec¬ 
tivity  data  with  errors  of  less  than  3  db  at  a  95*  confidence  level. 

A  separate  factor  entering  the  reflectivity  data  quality  is  the  influence 
of  the  s/ii  ratio  "pon  dispersion  and  bias,  since  at  low  3/N  the  effects 
of  receiver  thermol  noise  become  pronounced,  and  small  systems  instabilities 
may  cause  bias  errors.  To  check  this  problem,  sphere  tracks  were  carried 
out  to  low  S/K  values,  and  ilg  15  illustrates  that  the  bias  and  dispersion 
behavior  for  the  x-ange  between  '.>0  db  and  17  db  does  not  reveal  nny  charac¬ 
teristic  changes.  These  were  foxmd,  however,  ns  soon  as  S/ll  i  5  db  and 
iiaplayed  a  rapid  growth  of  the  dispersions  and  also  of  larger  bias 
fluctuations.  (It  is  to  be  noted  that  the  tests  conducted  for  this  type 
of  studies  necessitate  careful  control  even  over  the  sphere  launch.  In 
cases  where  high  humidity  results  in  spurious  reflectivity  of  the  carrier 
balloon,  the  measurements  have  shown  to  become  severely  contaminated  by 
targeWiependent  signal  fluc'-untions) , 

In  conclusion  of  the  topic  on  radar  cross-sectional  measurements,  it  nay  be 
stated  that  the  efforts  in  using  Ali/iTS-lo  operational  echo  signal  strength 
measurements  have  resulted  in  n  production  program  which  furnishes  ei'oss- 
aeotional  data  with  quite  satisfactory  occuracy  and  with  a  resolution  well 
suited  for  signaUure,  spectral  and  statistical  analyses  by  the  Data  User, 

The  calibration  techniques  developed  in  support  of  th-s  ,ro  ram  permit 
checks  on  the  radar's  HF  loop  gain  to  within  I  0.5  dh,  and  the  radox- 
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■;hrej!;oli  ofllibrntions  were  found  to  be  reproducible  to  within  *  0,25  db. 

4 .  I't-r-inal  Area  Ileder  Trnck 

I-^dar  froa  reentry  vehicle  coverages  were  analyzed  to  determine  their 
utility  for  Liipact  location  purposes.  If  the  radar  tracks  the  vehicle  to 
sp'la.sh,  the  location  is  deteiriinort  by  the  slant  range  and  azimuth  lueasure- 
ff.ento  coinciding  with  the  time  of  the  reentry  vehicle's  signal  disappear¬ 
ance,  and  the  geodetic  impact  location  merely  requires  trans f oruiation  of  the 
radar  s.easureir.ents .  The  splash  event  io  to  be  determined  from  the  radar 
signal  strength  recording  or  from  video  signal  docmientatlon.  The  analog 
strip  chart  record  of  the  receiver  AGO  voltage  was  found  to  render  the 
instant  of  beacon  signal  failure  to  approximately  C.03  sec.,  whereas  pulse- 
to-pulse  video  photography  produced  titling  accuracies  to  approximately  C.0C3 
sac,  ?ig.  14  illustrates  the  beacon  signal  failure  at  splash  as  recorded 
by  jth  of  the  above  methods,  and  emphasizes  that  the  analog  recording  way 
introduce  some  timing  uncertalntie.-.  due  to  limited  pen  response  and  also  as 
the  result  of  signal  trend  variations  which  are  not  related  to  the  splash 
event. 

Using  the  final  i'JLU  impact  locations  as  reference,  several  Radar  12.16 
impact  .ueasurer.ents  were  evaluated  and  rendered  the  scatter  display  of 
dig.  lu.  It  is  noteworthy  that  all  radar-measured  impacts  agree  to  better 
than  150  ft,  with  the  MILS  data  and  indicate  an  apparent  radar  range  bias 
In  the  order  of  •••120ft.  flic  radar's  angular  accuracy  in  measuring  the 
Azimuth  to  Lapact  is  shown  to  be  bettrr  than  0.3  rails  and,  consequently, 
well  within  the  dispeirsion  to  be  exj'ected  under  these  tracking  conditions. 
The  accuracy  of  this  ratlier  sijtiple  isethod,  the  independence  from  other 
systems,  and  the  ease  of  processing  the  radar  data  make  the  procedure 
attractive  for  impact  outside  the  MILS  net  and,  furthermore,  offer  the 
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possibility  for  rapid  prooeosing;  e.g.,  for  quick-look  purposes,  More 
axperienoea  need  to  be  gained  to  assess  the  llRiitations  of  the  uethod  arid 
to  define  the  ir.ost  suitable  data  handling.  Of  particular  importance  is  a 
definition  for  the  ability  of  the  radar  in  measuring  impact  range  and 
aaiwuth  at  distances  near  and  beyond  the  radar  horlaon  where  multipath  and 
ducting  hove  strong  effects  upon  signal  propagation  and  data  noise  center t. 
,5.  I'EUC'JRiC  Support 

The  nonrea  orbital  missions  during  196S  gave  the  opportunity  to  examine 
the  radar  tracking  parforiaanoe  and  techn:' cal/operational  radar  problems 
associated  with  launch  phase,  orbital  passes,  and  re-entry.  Of  special  in¬ 
terest  were  the  effects  of  pattern  wobbulation,  the  usefulness  of  the 
automatic  range  acquisition  system,  and  tho  C-Band  propagation  conditions 
during  the  capsule  descent. 

The  pattern  wobbulation,  applied  to  two  sectors  of  tho  capsule's  C-Bnnd 
antonna  coverage  for  the  purpose  of  pattern  s;i.ooth.ing,  was  utilized  on 
all  marned  tests.  A  detailed  evaluation  showed  that  the  system  provided 
exactly  those  coverage  and  tracking  inprovenients  which  were  predicted  on 
the  basis  of  theory  and  preceding  sijaulations .  Kg  16  illiistrates  the 
reduction  in  signal  vhriations  by  showing  the  power  level  spread  which 
was  experienced  by  Radar  1,16  when  looking  into  the  modulated  end  into 
the  unmodulated  pattern  portions.  The  significance  of  the  reduced  anpli- 
tudes  is  to  be  seen  in  a  drastic  flattening  of  pattern  nulls  which 
otherwise  give  rise  to  increased  tracking  noiac  and  balance  point  shifts, 
and  forthormore,  in  the  improved  signal  detection  probability  by  a  radar 
which  shall  acquire  the  capsule  while  looking  into  the  interference  pattern 
portion.  Numerically,  the  pattern  smootliing  reduced  the  level  spread 
(worst  conditions)  from  between  23  and  30  db  down  to  approx isiai  ly  t  db. 
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„  to  iTck  of  external  reference,  no  analysis  was  conducted  of  t!*e  total 
erroro  experienced  during  lobe  paoonser. .  On  the  basio  of  the  experiences 
with  Iladorj  O.lo  and  o.l6,  however,  it  is  likely  that  the  radar  track, 
when  Jxpoeed  to  the  urj;iOdulated  pattern  portions,  contained  siaeable  ter.'* 
porary  errors,  The  increased  data  noise  shown  in  Pig  2  is  indicative 
for  these  events. 

ilie  autonatio  range  acuuisitvon  systeiu  (ARAT),  developed  for  the  purpose 
of  expeditious  radar  acquisition  under  adverse  signal  conditions,  was 
incorporated  at  radar  1.16  and  er.ployad  during  iXhCU.ff  orbital  passes, 

.  A 

rig,  17  exoi.plifias  the  range  track  position  as  a  function  of  tine  for 
a  typical  high-speed  target  acquisition,  and  ?jg  10  coupnres  the 
acquisition  delays  of  .AilAT  with  those  which  at'e  Lyp-ical  for  manual  rang-e 
tracker  control  by  skilled  ojjorators.  The  main  features  of  this  acquisition 
are  to  be  seen  in  the  well  controlled  logic  and  in  the  aliioat  perfect 
inx.unity  to  rsi.otely  triggered  beacon  replies  as  they  are  present  in  inulti- 
station  operations.  The  latter  was  achieved  through  "bilateral  coding'' 
which  permits  the  radar  to  acquire  only  that  target  signal  which  appears 
with  a  special  locally  generated  pulse-spacing,  and  relinquishes  the  need 
for  the  operator  to  determine  wlilch  one  of  the  received  signals  represents 
the  local  reply. 

Valuable  experiences  v.’ero  .f  ined  during  the  MRCURY  re-entries  along  the 
AiiR,  The  signal  strength  i'.easurements  during  this  flight  portion  rendered 
data  on  the  C-Band  propagation  losses  due  to  re-entry  ionisation  which 
showed  to  be  in  the  order  of  20  db  max,  and  penr.itted  to  sustain 

continuous  radar  track  during  the  capsule's  descent.  The  fact  that  the 
C-Band  beacon  loop  as  the  only  R?  link  remained  operable,  prompted  an  In¬ 
vestigation  of  its  use  as  nn  auxiliary  conuriuni cation  means.  Hilse  position 
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:j.odul.'ition  and  the  characteristic  range  aodulation  caused  by  the  pattern 
wobb'alation  were  considered  as  carrier  foj:  two-vay  narrow-band  comnunicatior. 
and  teleaetry  purposes,  and  checked  during  ground  tests  and  live  capsule 
track. 

In  the  proposal  of  this  system,  special  care  was  taken  to  ascertain  f\ill 
coapatibility  between  the  coamunications  function  and  the  pulse-sequencing 
required  for  oulti-station  radar  track,  and  furthermore,  that  no  degradation 
of  the  radar  tracking  performance  could  arise  with  this  additional  utili¬ 
zation  of  the  radar  beacon  loop. 
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T.-iE  CYCLIC  KHROK  Ai:  AN  ATO03PHERIC 
REFRACTION  PHENOMENON 


Abi-trnct 

Exr.~:plcc  of  the  cyclic  error  In  missile  free-fall  data  col¬ 
lected  by  AZUSA  MK  II  are  dlc.cussed ,  A  suggestion '  that  anomalous 
atmospheric  refraction  is  the  source  of  this  error  is  offered. 

In  support  cf  this  suggestion  two  possible  causes  are  presented: 

(1)  Turbulent , mixing  of  the  lower  atmosphere  can  lead  to  dif¬ 
ferential  refraction  effects  In  a  phase  comparison  tracking 
system  and  can  lead  to  temporal  cheuiges  in  the  zero-set  of  the 
instrument.  (!•)  A  wave-like  perturbation  on  the  interface  be¬ 
tween  two  different-density  layers  of  the  atmosphere  can  lead 
to  apparent  cyclic  dovlatlons  of  a  missile  from  a  ballistic  orbit. 

Tne  effects  of  time  variability  of  the  index  of  refraction 
cn  the  sero-set  cf  AZUSA  MK  II  is  analyzed.  It  is  shown  that 
spurious  phase  differences  are  introduced  into  the  data  that  are 
^linearly  proportional  to  the  variability  of  the  index  of  refrac- 
tieii  nlcng  tiio  path  between  the  instrument  and  the  target  pole. 

A  paucity  of  evidence  of  the  turbulent  nature  of  the  atmosphere, 
at  the  particular  ri'cquoncles  of  concern,  precludes  one  from  mak¬ 
ing  any  comparison:-,  between  the  periods  and  amplitudes  of  the 
turl'uler.cc  one  the.-'  of  the  data. 

A  much  simplified  model  of  n  sinusoidal  wave  on  the  inter¬ 
face  of  a  twe-layer  atmospnere  Is  also  discussed  with  regard  to 
its  effect  or.  a  phase  comparison  tracking  system.  It  is  shdwn 
that  such  a  model  can  lead  to  quasl-perlodlc  oscillations  in  the 
data  collected  by  the  instrument.  The  periods  and  amplitudes 
of  the  noise  generated  by  .'-.uch  a  model  arc  in  general  agreement 
with  -.-.-hat  is  observed. 

1 .  INTRODUCTION 

For  practical  purposes,  after  the  thrust  of  a  ballistic 
missile  is  terminated,  the  missile  will  travel  in  an  ellipti¬ 
cal  orbit  which  intersects  the  surface  of  the  earth  at  some 
point  down  range.  The  routine  evaluation  of  the  AZUSA  track¬ 
ing  system  includes  fitting  post-burn-out  data  to  an  ellipse^ 
and  differencing  the  individual  data  points  and  this  computed 
Keclerlar.  ellipse. 


Strictly  speaking,  r-inco  there 
bit  is  not  exactly  an  ellipse, 
ec'uatior.s  cf  motion  is  ass-nmed, 
(which  is  t:nir.cated  at  the  four 
least-squares  fit  of  tlie  data. 


are  perturliJIrg  effects,  the  or- 
A  power  series,  solution  to  the 
and  the  coefficients  of  the  series 
th  povjer)  are  determined  by  a 
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Ar-.C’iig  the  deviations  from  the  ellipse  tiluvt  have  been  noted 
Is  a  ieviation  or  nclse  which,  appears  to  be  cyclic  In  nature, 

Perlcds  cf  this  cyclic  noise  ars  on  tlie  order  of  seconds.  The 
periods  are  obtained  by  a  pc.v'er  spoctr.im  analysis  of  the  Keplerian 
differences. 

The  amplitude  of  the  noise  is  not  constant,  but  rather 
varies  frorri  day  to  day.  It  has  been  noted  that  on  the  days  v;hen 
the  noise  is  most  pronounced  we  find  several  associated  facts: 

In  the  first  place,  during  the  zero-set  procedure,  while  AZUSA  is 
looking  at  a  target  pole,  the  apparent  motion  of  the  target  pole 
is  not  zero.  In  addition,  on  the  days  when  the  noise  level  is 
high  the  pre-flight  calibration,  or  zero-sot,  differs  considerably 
fro.m  the  post-flight  zero-set.  It  lias  been  noted  in  a  very  sub¬ 
jective  manner  that  the  days  on  which  high  noise  levels  are  observed 
the  weather  in  the  vicinity  of  the  launch  site  is  of  a  particular 
type;  .>,hereas,  on  klays  when  the  noise  level  is  low  the  weather 
situation  Is  considerably  different. 

A  great  many  hypothesef.  have  been  advanced  to  explain  the 
cyclic  deviations  from  the  Keplorian  elllpn-e  during  missile  free- 
fall.  For  one  reason  or  another,  most  of  the  hypotheses  have 
been  abandoned.  It  appears  at  the  present  time  that  the  data 
error  has  its  sovu-cc  in  the  atmosphere.  Today  we  shall  look  in¬ 
to  tp.ls  matter  from  the  staMupolnt  of  pcsslbls  atmospheric  effects, 
In  particular,  we  siiali  consider  two  possible  hypotheses  and  in 
a  v-'r/  •’•u'sory  "'anner  attempt  to  show  that  these  hypotheses  can 
■■■r.jil?.  :.t  least  a  part  of  the  low-frequency  or  cyollc  noise, 

J.-.til  recently,  lack  of  adequate  instrumentation  has  prevented  us 
from  atrerr.ptlng  a  rigorous  test  of  the  hypotheses,  The  necessary 
instrunontatlon  Is  now  available,  and  we  are  in  the  process  of 
collecting  the  necessary  data. 

There  are  at  lea:it  two  ways  in  which  tne  atmosphere  can 
affect  a  tracking  sy.stom  such  as  AZUSA.  Firstly,  the  level  of 
turhulonce,  that  Is  the  mixing  of  the  air,  can  distribute  water 
vapor  In  .such  a  fa.?hioi)  a:;  to  c'roate  anemalous  refraction  zones 
Ir.  which  the  signal  arriving  at  o/ie  antenna  la  affected  in  a  dif¬ 
ferent  manner  I'roin  signal  arriving  at  anothcj’  antenn.a.  Secondly, 
W2  .;hall  consider  the  po..u'.j  billty  of  pcj'turbat  l  ons  on  a  de  nsity 
iritcrfacc  in  the  It'W-'r  jdauosphere . 

S.  EXAMPLES  OF  THE  PhOBLEM 

Figure  1  is  a  giapb.  ishowing  the  Keplerian  differences  of 
the  direction  cosines  I  and  m  and  the  range  R  as  functions  of  time 
for  Range  Te.st  101.  The  pi'occclure  used  to  construct  this  graph 
is  as  fellows:  The  data  taker,  after  final  burn-out,  that  Is  after 
all  engines  have  shut  down,  are  fitted  by  least  squares  to  a  trun¬ 
cated  power  3erle.s  solution  to  the  equations  of  motion.  Once  this 
orbit  has  been  constructed  each  individual  data  point  Is  then  dif- 
ferencGd  from  the  orbit  and  these  differences  are  plotted  In  Figure 
1.  Several  features  of  the  graph  can  be  noted,  and  these  will  be 
discussed  as  time  proceeds.  Tne  first  feature  to  be  noticed  is 
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t!'.-?  ourvo;-  i-hoviii  1-:  t!!*.-.  I'U'ure  ;!rc  not  horizontai,  straight. 
:;.i'.03  na  wo.il  f  ho  ino  !j'  rill  tl'.c  data  points  fit  the  orbit 

perfectly.  Th.orc  Is  a  ct  in rr i-.  riiiioui.t'.  of  Jitter  noticeable  and 
Ir.  particular  ■.■re  .-s'-ioull  notice  the  cyclic  oscillation  present 
ir.  the  ilata.  It  is  this  rh.rr.or’ienon  alout  which  vie  shall  speak 
today. 

Figure  1  also  incl-...ie.=  a  gr&pt:  of  the  power  spectrum  of 
the  ulr-ectiofi  cosine  'll ft’creiice  At  foi-  Test  101.  The  abscissa 
itr  frequency  in  cycler,  per  second  and  tlie  ordinate  is  the  relative 
pew-'-r  contained  at  eac.'i  f !■« I'.iency ,  It  should  be  noted  that,  in 
general,  there  iu  a  high  DC  oonpenent  of  the  pov/er,  and  that 

there  If  s  gradual  decrease  as  frequency  increases.  It  should  also 
be  ncted,  r.cWi that  •hv.’’-.  :-rc  several  slope  discontinuities 
prerrent  in  vh?  speoti--;;-’ .  In  p-tj'tioalar,  oivc  shoul'd  noti  ce  the 
Elope  difconvinulty  loc'-v-e.i  'd-  :■  fi’fuucncy  of  about  10~1  cycles 
per  second  -  r.  frequency  .■■.■••r'oeiX'nciirir:  to  a  pej’iod  ol‘  ten  seconds. 


Tills  j 

Lo  a  rosii 

It  X.f  ri:. 

Irl  but  Ions 

of  tho  cyclic  os-jlllatlon 

v.'iiich 

V!-o  no’,  U' 

.'■1  in  Ti'.'. 

'  :\t  •  i ' 

!.”■!  an  d.i. fl'orencoii. 

Flour' 

.’how.’ 

IMV  ' 

tor:!  orlali 

■ul  r foi'oncei’,  plotted  as  func 

1 1 O^' 

v’f  Vl-lo 

for  T'-.-; 

1  *4 

V;  no’lc 

In  t.iilB  fli.’-.uro  the  same 

general  f-.-aV.ivor-  vralch  v;  .In  i!ie  urevious  figure.  The 

power  r-pe.-t  ;-,r-.  .-no-.;.-  ■.  ■  r.;.i-n  DC  .'■>•  qionont-  w.i  tti  a  gradual  drop- 

Oi’l'  v.iv:-.  inci'occi::;-  Ar..,.In  .-.i  ,  c.t  Ic.-  .,i;m  talP.  ano.T.ali’?'^ 

preser.t  in  t:;-.;'  rower  .  p .  >.  f  th  •■la.ia,  ,i,n  particular.  111  the 

vicinity  of  I,'"''  '.•yol;,-  i-.  .•  co'.and.  'Cii’  j'robleri  now  .i.s  to  try  to 
expl'i-ir.  thi.'  i.'i,  iioii.'.'n-.r,.  a  x:...  cl  1  latl'cr.s  present  in 

■rh^  .'•■-th?  ;■'■■•.•;  -u  ri  ■  •  ri  ;  o.:'  th.'.v:? 

3.  TdilbUIEKT  Tllh-  A  hi"  I  ;-V  •  )?  Tht:  INDEX  OP  REPFACTIOW 

•:.xv;::,e  ..^.ion  ts  AZUSA  are  based 
P  '  !  a  dl..',' I time  difference  between 
1  :i  •  }■■  .''..v  ai.u  tin-'  'receipt  of  the  same 

•  to  the  large  propagation 

,  .!  1  1.  ■'.■.'ro  '■onvcnlcr.t  to  measure 
:-o'.  ■' .f''',T;  r,;’o;!  ran  bx"'  obtained. 

! : 1:  •  .  •  ;  ■  I.  '.iiff  can  to  dotoi'mlned 

■'  '  i '■  r-'  qv  'd  of  prupiigstiori  is 


P"'*: ‘ 

on  tr.t'  T..‘ 


IV.  nn.v 
from  tin-  •.  1::; 
jCnx'wr. 


ffoj'-:  ! 
r,-erv , 


pensated  fev  reasonahiy 


■  I ■■k' t  l■^>ll;a!',!lot !.c  energy  is 
:1.  tiio  I'ay  path.  In  a 

nc  off'- f ti  vely  travels 

.  .i.."-  In  the  target  to  the 
•o.;:.:,  .'i;-  long  £10  thsi’e  are 

.  f  VO  index,  the  propaga 
t!;i  .-'r.r,  level  for  level, 
iln/j  t'-.S'':.  can  be  coni- 

. roductloh. 


'  hde.',;  Is  not  homo- 
sp'-joo  '■'I  be  different 
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it  ■ 


ih<f  rai'wr  rhown  In  ir..*:-.  rinuro  arc  not  horizontal,  straight 
lir.es  r^a  wcc.l'^  iv  the  -nae  ’  r  ail  t!:e  Jata  points  fit  the  orbit 

Tiioiv 


pv rfcJtly. 


;  s  r*  cv  rta;::  !i:r.oui.t  of  Jitter  iwticeable  and 


in  particular  v.c  ar.onl.j  notice  the  cyclic  oscillation  present 
In  the  data.  It  is  this  rhononeiion  alout  which  we  shall  speak 
today. 


Figure  1  also  Ir. 
the  cilreetlon  coclnc  hif 
it  frequency  In  cycler  p 
power  contained  at  each 
general,  there  is  a  ver; 
there  is  a  gradual  decro 
he  noted,  however,  that 
present  In  the  spectrti;!. 
slope  discontinuity  loca 
per  seect'.d  ••  a  frequency 
This  is  a  result  of  rh.v' 
Kliich  vie  ncriood  in  the 


sludcs  a  grauh  of  the  power  spectrum  of 
ference  At  for  Test  101.  Thb  abseieaa 
or  cecond  and  the  ordinate  Is  the  relative 
frequency.  It  should  be  noted  that,  in 
hl;'h  DC  eor.pcnent  of  the  power,  and  that 
ano  as  frequency  increases.  It  should  also 
hC'.’c  ar-?  cevoral  slope  discontinuities 
In  particular,  one  should  notice  the 
tr.i  nt  a  friViuency  of  about  10“1  cycles 
ei  '-rerpondinis  to  a  period  of  ten  seconds. 
,'ont  ributlona  of  the*  cyclic  oscillation 
Kt'uK'-'. an  dlfforencos.  - 


Fi^'uiv  '  ohowu  •  MO  Kopiorlon  dlffon'nces  plotted  es  func¬ 
tions  of  tir.o  for  Tort  1  •>.  W'  notice  in  this  figure  the  same 
general  fenturoo  v\-lilc!'.  v.  v-'  ad  iced  in  vho  previous  figure,  Tlie 
power  spoetrur.  sh.owc  a  •.  i-;;  lilt'h  DC  cc'nivotiont  with  a  gradual  drop¬ 
off  with  Incroasinr  froiiueiv’y.  Again  we  notice  certain  anomalies 
present  in  the  povicr  rpc-ctr-a'r.  of  the  data.  In  particular,  in  the 
vicinity  of  lC"d  cyclc-c  per  second.  Our  problem  now  Is  to  ti*y  to 
explain  this  phenomenon.  Why  are  these  oscillations  present  in 
the  data?  How  can  v;e,  o-  t  rid  of  them? 

'.  /pHFUIElsT  ITMi  "ARIAHIIITV  OF  TH2  INDEX  OP  REPRACnON  » 

Phase  ccr.parlror;  tvr  ^itir.g  cystoma  sacn  as  AZUSA  are  based 
on  the  fact  that  there  will  1 3  a  dlsorste  time  difference  between 
the  receipt  cf  the  clgnai  at  cnc  point  and.  the  receipt  of  the  same 
Elgnal  St  a  T.cre  distanr  v  olrr .  0-.vir.t'  to  the  large  propagation 

is  convenient  to  measure 

•r>  ..Mf ’VM'ences  can  be  obtained, 
t-.v  points  can  be  determined 


speed  of  electro.mai'^n.etlc*  o 

'.er.uy,  it 

phase  differer.ocf-  from  -.d-.i 

‘!5  v:ie  tl 

In  any  event,  the-  dirms.-i 

i'  '■  t  Vj 

fi’Cm  the  tl.T.e  vi.if:V-ivnco 

rvvided 

Icnown. 

The  spsc-.i  of  pro;-:'.  on  of  vi.o  electromagnetic  energy  is 
a  function  cf  the  itidex  of  rcfv&otlo?.  >.3nng  tlie  ray  path.  In  a 
phase  comparison  tracking  :  y;.rvm  the  tneroy  effectively  travels 
along  different  paths  f:-o.”.  t:.?  trur-.-eondei’  in  the  target  to  the 
Individual  receiving  antenr..:.-  cn  the-  ■.’•round.  As  long  es  there  are 
no  hcriior.tal  Ird.cmcgenc-iti,;- -  in  ti-.o  i-ofracr-ive  index,  the  propaga- 
ticn  speed  along  each  ra--  ?st:.  •.-.•iil  be  the  .'.arse,  level  for  level. 
The  res'uit  •.•rill  b-3  a.  l-ia-'-'-W'  tinf'  bending  cshcct  tivat  can  be  ctan- 
Pensated  for  reasoiiably  ■..■oil  1;  ■t.he  dula  reduction. 


,  on 


-.h:  r  .  fiuv  ,  'ndex  is  not  homo- 
prop.- :asicn  sBeec.r  be  different 
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f'-.r  r-a:;  path.  One  signal  v.-lll,  for  example,  be  retarded  more 

tr.ar.  the  other  signal.  Thiij  anomalous  rsfra stive  effect  will  ap- 
pear-  as  a  spurious  phase  difference  in  the  tracking  equipment  and 
'j  'Will  lead  to  an  erroneous  position  determination.  Moreover,  if 

the  differential  refraction  of  the  tv»o  signals  changes  v/lth  time, 
any  target  velocity  measurements  or  calculations,  will  be  dele¬ 
ter!  ously  affected. 

It  is  a  mattei-  of  common  knowledge  that  the  atmosphere  Is 
not  horizontally  stratified  with  regard  to  index  of  refraction  so 
that  anomalous  propagation  effects  are  to  be  expected.  The  tur¬ 
bulent  mixing  and  movements  of  high  refi-active  index  air  in  the 
tracking  environment  should  and  do  Introduce  noise  into  missile 
trajectory  data. 

Unfortunately,  It  is  a  physical  impossibility  to  be  able 
to  monitor  the  time  changes  of  index  of  i-efi  action  throughout  the 
entire  region  of  space  to  be  traversed  by  the  radio  signals.  We 
can,  however,  measure  the  index  of  refraotlcn  and  its  time  varia¬ 
bility  at  a  point  or  a  series  of  points  on  the  ground.  If  we  then 
make  some  assumptions  about  the  spatial  varjation  of  the  index,  it 
becomes  possible  to  say  a  little  bit  about  t  he  effects  of  the  tur¬ 
bulent  mixing  of  the  atmosphere  on  the  tracl.lng  system  data. 

At  the  present  time  the  AZUSA  zero-set  is  corrected  by 
using  an  index  of  refraction  obtained  by  conventloi»al  nrieteorclogi - 
cal  means.  Since  the  zero-set  is  corrected  only  at  the  beginning 
'f  a  test,  any  changes  in  local  Index  during  the  test  will  result 
in  errors  In  data  recorded  during  the  test. 

Recently  a  recoj’dlng  rofractometor  has  been  installed  at 
the  AZUSA  site,  making  it  possible  to  chock  the  variations  In 
lnde.x  of  refraction  during  testa.  Of  the  recordings  made  during 
several  recent  tests  it  ws,.<;  noted  qualitatively  that  the  differences 
between  pre-  and  post-callbrstl,  Ions  of  the  direction  cosines  I  and  rn 
and  the  range  R  on  tho  varljus  t.argct  poles  were  correlated  with 
the  variability  of  tho  rofractometor  I'eeoi'dlngs.  Figure  5  shows 
two  examples:  In  Test  flp,  tho  refractometor  recording  is  i-elatlvely 
smooth  and  the  difforonccs  between  pre-  and  post-calibrations  are 
small.  In  Test  2883  the  refractometer  i-ocording  is  quite  variable 
and  the  differences  between  pro-  and  post-calibration  ar'e,  in 
general,  large. 

The  principle  on  which  AZUSA  is  based  is  shown  schematl- 
'  cally  in  Figure  Th.o  ptiase  angle  between  two  signals  is  given 

by 

o  =  22n  D  ^ 

where  n  Is  the  average  index  of  refraction  along  the  ray  path, 
is  the  wave  length  of  the  nlgnnl  Itt  a  vacuv.  n,  and  D  is  the  geometric 
path  length  difference. 
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The  phase  angle  betv;een  the  reference  signal  from  the 
oscillator  and  the  received  signal  from  the  target  transponder 
is  contained  in  the  signal  out  cf  each  of  the  mixers.  We  may 
thus  express  the  phase  angle  out  of  each  mixer  respectively  as 


27rn^Sj 


(?) 


and 


firm. ,3.-, 


(3) 


v.l'.ere  nnd  s.,  ai-c  the  -1 1  nUincos  between  the  target  and  each 
antenna.  Let  f.t/X  =  K,  then 


Oj  =  Kn^Sj  (4) 

If  we  assume  that  the  signal  from  the  reference  oscillator 
introduces  no  additional  phase  difference,  then  the  difference  be¬ 
tween  ?.  and  out  cf  the  phase  detector  expresses  the  phase 

difference  betv/een  the  signal  traveling  path  and  that  traveling 
path  Sgj  thus  differencing  (4)  and  (5)  yields 

-  •>,,  u  u  kCiIjSj  -  hgSjj).  (6) 

Let  us  consider  two  cases:  Case  I  where  •  n.^  and  Case 
II  wl'.ere  /  n.^. 

Case  I:  =  n,  -•  n. 

Equation  (S)  may  now  be  v;ritten  as 

50  =  Kn  (s^  -  ?.p)  =  KnD.  (7) 

Since  K  and  D  arc  Invariant,  the  error  In  6*  is  a  function 
of  the  erroi’  in  n: 

60  +  A*  =  KnD  +  KDAn  (8) 

A>  =  KDAn.  (9) 

Equation  (9)  shows  the  relatlon.shi p  between  the  error  in  the  phase 
difference  (consequently  the  direction  coslvio)  and  the  error  in 
determining  the  index  of  n  fraction. 
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It  is  immediately  apparent  that  M  decreases  if  D  Is  de¬ 
creased.  In  fact,  if  D  is  made  equal  to  zero,  no  error  in  the 
phase  dirference  will  occur  regardless  of  the  error  in  index  of 
refractio.r, . 

... 

I 

Case  II: 

i 

1 

£ 

1  Let  Hg  a  nj^  + 

I  . 

6n.  Equation  (6)  may  now  be. written 

as 

I  ao 

=  K  hjSj 

-  Bg(nj  +  6n)]. 

(10) 

s 

Simplification  yields 

6* 

=  K(nj^D  - 

(11) 

Since,  in  the  reduction  of  the  AZUSA  data,  6n  Is  assumed 
to  be  zero,  the  difference  between  equations  (7)  and  (11)  repre- 
sent.i  an  error  of  -Ks^an.  If  we  now  consider  an  error  In  the 

determination  of  n^. 

(11)  can  be 

expressed  as 

' 

64> 

+  A<t>  =  Kn^ 

D  +  KAn^jD  -  KSgfin; 

(12) 

■A'h“i.hcci , 

A<> 

=  K  (An^D 

-  3g6n), 

(13) 

where  is  the  error  In  determining  the  mean  Index  of  refraction, 

and  6n  is  the  difference  between  the  true  indices  of  refraction 
along  the  two  ra^'  paths. 

The  first  error  term  in  (13)  can  be  reduced  by  letting  D 
approach  0.  For  a  stationary  target  the  second  error  term  will 
average  to  zero  ovoi*  a  reasonable  time  period  if  6n  behaves  in  a 
random  fashion. 

Consider  the  time  changen  in  the  index  as  being  caused  by 
a  spatial  distribution  of  index  passing  across  the  observation  point. 

(  It  can  be  seen  that,  in  all  probability,  the  6n  in  (13)  does  net 

behave  in  a  random  fashion.  As  a  matter  of  fact,  evidence  gathered 
by  tlie  National  Bureau  of  Standards  and  others  tends  to  indicate 
that  it  does  not.  Power  sj^octra  of  turbulent  wind  data  and  turbu¬ 
lent  index  of  refraction  data  show  marked  peaks  at  various  fre¬ 
quencies  in  the  spectrum.  Unfortunately,  little  if  any  data  are 
available  in  the  region  of  Interest  to  us;  that  is, in  the  region 

of  about  10”^  cycles  per  second.  The  National  Bureau  of  Standards 
is  undertaking  a  contract  to  study  this  problem  along  with  the 
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ol'  v:irl;ilil>'  li.'i;.'- 1  1  in-  I .  ■ih'.t.ii  -ill. I  will  coiicet^t  rate  the.lr 

1  r  I' 'rl,;-,  In  111!-  ole  ol’  alwiil.  ,•  ye.’  I  I'M.',  jjt.'n  Ui'Oond  , 

■'I.  1’KRTUIfDA'r.toN  iiYI'0‘r!lI';'.i;; 

For  many  yeai-s  vf-rlicnl  i-.oundinr'a  oi'  the  atmosphere  over 
the  AMR,  both  by  iTiV.'lnsonuea  and  by  alrboi'ne  refi’actometers, 
have  revealed  the  persistent  OAisteiioc  of  a  virtual  discontinuity 
in  tne  vertical  distrlhutior;  of  Index  of  i-efraction.  Through 
the  lov/est  layers  cf  the  ar-mosniier’e  the  index  decreases  moderately 
vjith  increasing  altitude  as  is  to  be  expected.  At  an  altitude 
of  about  3'dOO  to  bOOO  feet,  hov/ever',  thei-e  appears  a  sharp  de¬ 
crease  In  index  of  some  30  to  50  parts  per  million  througiT  a 
relatively  shallov;  layer  ef  perhaps  101  to  300  feet.  Above  this 
point  the  index  again  ex;.i rlvs  :>  moderate  decrease  v.dth  altitude. 

A  typical  profile  of  refr-active  ir.dex  for  Cape  Canaveral  is  shown 
In  Figure  5.  The  crdlnatr  is  nlticudo  in  thousands  of  feet  and 
the  absclESG  Is  the  ref  J'nrt  l  vil  y  N  v.-iii  eh  is  i-elated  to  the  index 
of  refraction  n  by 

N  ^  10^'  (r-1)  =  I  (o  <■  1^),  (IM 

•inhere  T  is  llio  nbsoi'.ni  v. r:';  nro  in  uegrres  Kelvin,  p  is  t'ne 
atmospheric  prossuix-  jp  •  .iliii-rr.',  s  is  the  v;ii)or  pre s iv.ii-e  In  milli¬ 
bars,  ai'.d  A  =  V7.i>  .ieg.  per  lullllbar  and  R  =  bfiio  deg  are  empirically 
determined  constants. 

The  AMR,  along  ■.■:itn  other  sub-tropical  regions,  lies  in 
an  area  vjhlch  is  characterised  by  a  large  scale  subsidence  of  air 
aloft.  As  this  upper  air-  descends  It  is  warmed  dry  adlabatlcally 
giving  a  layer  of  cui’:  .-  v;'jr/,  ar:-;  quite  dry  •  ’  r-  3;;:;.owhere  around 
3000  feet.  Since  the  ivfra.c»  ;’.  vlty  if:  inversely  proportional  to 
temperature,  and  olrectl;/  r.u’oportler.al  to  moisture  content,  thin 
subsidence  inversion  .ves’iivs  in  the  obeervod  refractivlty  profile. 
The  marked  plateau  in  vi-r  vertical  distribution  of  N  observable 
in  Figure  5,  between  1  hv  c Ir ' uses  of  3000  and  3500  feet,  is  a 
manifestation  cf  tbir.  f.hv'.d.'/.o':  lnv<;r'oio;  , 

If  one  ooii.' lurru  ^iimoric. !  ons,  I'ie  fliivls  that  tills  in- 

versioi'i  exist;;  c'.v.u’  hii.-'o  fortlcn  of  'ho  cub-t;’opicc ,  In 
reality  then,  one  can  ■.  ji-p  lower  tropical  troposphere  as 

being  composed  of  tv;c.  layer.-  •;■!•  n.ir:  th.o  lower  or.e  .Is  eharaeteriued 
by  relatively  cool,  moI.  ',  (i-.once  n.1;:r.  i  ..•■I’.’-.aotlvo  index)  nli'  sur¬ 
mounted  by  warir.,  dry  (h-.^ntc  rofr.'-cti v*.  index)  air  extending 
upward.  Tiie  Interface  sop:'; ml  j ng  tr  tv;o  .layers  is  quite  sharp, 
approaching  a  zero  oi-der  aiscortinr.ity  in  :ien£'lty  (or  index  of 
refraction) . 

•Students  of  hydre . r.r-:;.ic.s  v;lll  attest  tc  tlie  fact  that 
such  a  situation  win  T-^.-ruip  in  and'-’ I  ar  ions  on  this  Interface  very 
much  like  the  undulatior..-  ■.••Lieh  ai-e  fc..  .  the  Interface  betv.'e-en 
the  atmosphere  arid  th:  o^-nn.  In  ether  wci'..;;.,  .•  ■' '=  not  surpris¬ 
ing  that  one  finds  v.'avc  tior.c  on  th-c  atmospheric  ;  . .  '’'nc. 
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If  one  considers  a  phase  comparison  tracking  system  look- 
ir.a:  through  such  an  atmosphere  and  slewing  downward  as  the 
baillstlc  target  travels  down  range  he  should  anticipate  that 
the  pairs  of  ray  paths  will  be  differentially  affected  by  the  at¬ 
mospheric  wave  phenomenon.  As  one  ray  is  passing  through  a  wave 
crest  the  other  ray  may  be  passing  through  a  trough.  At  that 
time  the  former  ray  will  travel  through  more  of  the  hlgh-lndex 
air.  At  a  later  time  the  reverse  will  be  true.  The  question  which 
is  raised  1st  "Can  such  a  physical  model  explain  ttie  quantitative 
properties  of  the  observed  data  nolsej  l.e.,  period  and  amplitude?" 

In  a  preliminary  attempt  to  answer  this  question  let  us 
suppose  the  following: 

Suppose  the  target  remains  in  the  vertical  plane  contain¬ 
ing  one  of  the  baselines  of  the  tracking  system.  Such  an  assumption 
does  not  compromise  the  analysis,  it  merely  offers  simplicity. 

Let  the  baseline  length  be  b,  and  the  angle  E  ■  cob“1a,  where  f, 
is  the  direction  cosine  relative  to  the  baseline  under  considera¬ 
tion.  In  this  simple,  co-planar  model  E  Is  also  the  elevation 
angle.  Tlie  radio  ranges  to  the  target  are  being  determined  simul¬ 
taneously  from  antennas  A  and  B  (Figure  6.)  Assume  the  rays  to 
be  parallel.  Also,  for  the  purposes  or  the  present  discussion, 
neglect  the  bending  which  would  normally  take  place  at  the  Inter¬ 
face. 


Within  the  atmosphere,  postulate  the  existence  of  a  sur¬ 
face  of  discontinuity  in  refractive  index.  Further  postulate 
ihat  the  shape  of  the  surface  can  be  simply  described  as  an  in¬ 
finitely  long,  stationary,  sliiusoldal  wave.  In  particular,  let 
the  altitude  of  the  surface  auove  its  equilibrium  altitude  be 
given  by 

?(x)  =  a  cos  (x  +  e),  (I5) 

where  a  Is  the  amplitude,  L  Is  tho  wave  length  and  €  is  a  dis¬ 
placement  between  the  first  iiprange  crest  of  the  wave  and  the 
antenna. 


The  total  radio  ranges  to  the  target  from  each  of  the 
antennas  can  be  written 


and 


Rj  R^  ^  R  +  AR 

"  I  +  I  (16) 

0  R;^  Rg  R 


/ 


HjdS 


HjdS 


+ 


f 

^2 


(17) 
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..';'.c-re  Hj  ar.a  are  tVie  indices 

the  discontinuity,  respectively, 

* 

aloiij;  the  ray  path.;  Pip  and  R 


of  refraction  below  and  above 
dE  1.1  an  increment  of  length 
are  explained  in  Figure  63  and 


AK  Is  the  true  I'ange  dlfrorenae,  (Normally  AR  is  taken  at  the 
bottom  of  the  ntmosphero;  h\it  fox’  simplicity  it  is  taken  here  In 
the  vicinity  of  tlio  target.) 


If  the  assxunption  is  made  that  the  atmosphere  is  hori¬ 
zontally  homogeneous  wltl^ln  each  layer  sejxarately,  the  radio 
range  difference  from  the  two  antennas  is 

Rp  R*+  AR 

(IS) 

“  R^  "  ''  R* 


in  which  the  second  Integral  represents  the  desired  or  noise- 
free  range  difference.  The  first  integral  in  (iS)  is  the  term 
which  introduces  noise  into  the  data,  and  it  might  be  called  the 
anomalous  refraction  error  and  denoted  by  6R. 

Assuming 


nij(s)  -  11^ (s)  =  An  =  constant. 


one  finds  that 

6R  =  An(R2  -  R^). 


(19) 

(20) 


For  the  purposes  of  tlic 
a  significant  error  if  he  makes 


present  analysis  one  does  not  make 
a  flat  earth  assumptions 


R  =  K  CSC  E, 


(21) 


where  z  is  the  altitude  of  the  wave  surface  above  the  horizontal 
plane  containing  the  base  line.  In  (2l)  we  have  neglected  the 
bending  at  the  interface.  If  the  equilibrium  altitude  of  the 
wave  above  the  base  line  plane  is  denoted  by  Z,  one  obtains 


R  = 

Z  +  a  COE 

^  (X  +  c) 

jese  E 

for  each 

Intersection 

3  whence. 

^2  ■  ^1  ° 

1  P'^r  / 

a  CSC  i,  ■  cos  — T-(x,,  •) 
i.  ‘ 

Ep)  -  COS 

—('■ 

L'-l 

(22) 


(23) 
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Consider  the  trigonometric  identity 

cos  u  -  cos  V  H  -2  sin  -^  {u  +  v)  sin  (u  -  v).  (24) 

Applying  this  Identity  to  the  brackets  of  (22),  one  gets 
cos  ^  (x^  +  eg)  -  cos  ^(xj^  +  Ej)  = 

-2  sin  ^  (x^  +  Xj  +  Eg  +  €^)-  sin  J  (xg  -  +  Eg  - 

(25) 

Let  Xg  +  =  2x,  and  =  2'e,  where  the  bar  de¬ 

notes  an  arlthemetlc  average.  From  Figure  6  one  can  see  that 
€g  -  Cj  ■  b.  Now  x.,  -  Xj  will  be  variable  between  the  limits 


b/2  5  Xg  -  Xj  b.  (26) 

with  an  average  value  of  3b/4.  As  a  result 

Xg  -  Xj  +  Cg  -  a  7b/4  Z  2b  (27) 

Furthermore,  from  Figure  6  one  can  see  that 

X  a  Z  cot  E.  (28) 

Using  (23),  (25)>  (27),  and  (28),  one  can  write  (20)  as 
JR  a  -2aAn  sin(^^)cso  E  sin  -^(ZcotE  1  "e),  (29) 

of,  if  b  is  small  compared  to  L, 

.  .  i!La.b^escE  •  r.ln  |^(ZcotE  +  e).  (30) 


Equation  (30)  dosorlbcs  the  anomalous  refraction  noise  as 
being  periodic  in  E  as  indicated  by  the  sine  term,  with  an  ampli¬ 
tude  which  is  0  function  of  the  cosecant  of  E  among  other  things. 
If  the  tracking  system  is  slewing  downward  such  that  £  Is  a  simple 
function  of  time,  (30),  can  bo  thought  of  as  being  a  cyclic  func¬ 
tion  of  time. 

Strictly  speaking,  (30)  is  valid  only  for 

E  5  fcan-l(^),  (31) 

since  at  smaller  angles  the  rays  can  begin  to  cut  through  the  tops 
of  the  vfaves.  The  result  of  this  is  a  decrease  in  amplitude  of 
the  noise  and  an  additional  cyclic  term  modulating  the  data. 
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Since  Tor  the  AZUSA  Syotem,  at  least,  the  direction  cosine 
is  the  range  dirference  divided  by  the:  base  line,  the  noise  in  I 
is 

esc  "k  •  sin  ^  (ZcotE  +  1).  (52) 

Figure  /  is  a  graph  of  (52)  in  which  At  is  plotted  as  a 
function  of  E,  For  the  pui'poses  of  the  calculations  the  results 
of  refractometer  flights  made  by  an  APCRL  aircraft  were  used. 

The  values  of  the  various  parameters  are  listed  in  Table  I. 

TABLE  1.  Value  of  Quantities  in  Equation  (51) 

Used  to  Blot  Figure  7 , 


Parameter 


Numerical  Value 


a  (wave  amplitude)  100  ft.^ 
An  (refractive  index  difference)  5  x  1C“^ 
L  (wavelength)  6000  ft. 
Z  (altitude  of  wave)  5000  ft, 
£  (plio.se  of  wave)  0  ft. 


It  should  be  noteii  fi'om  Figure  V  that  6t  is  very  definitely 
cyclic,  Further,  it  siiould  be  noted  that  the  amplitude  of  in¬ 
creases  (slth  docroaslinr  E  as  a  result  of  tlie  cosecant  term,  and 
that  the  period  decreases  because  of  the  cotangent  term.  The  rcot- 
nean-square  amplitude  for  the  span  1'5  *  E  -  6  degrees  was  computed 
to  be  26,8  ppm.  Of  course,  owing  to  the  term  cosecant  E  the  rms 
amplitude  vdll  depend  on  tlie  span  cf  data  used. 


To  get  a  feel  for  the  period  as  a  function  of  time,  eleva¬ 
tion  angles  from  e  live,  test  vrore  used  in  -n  additional  computation 
of  (32).  Most  of  the  angles  were  below  the  angle  noted  in  (51) 
so  that  a  critical  evaluation  is  not  justified}  however,  since 
only  gross  results  vjc-re  being  sought.  It  vias  not  felt  that  this 
fact  would  be  of  great  importance.  The  small  angles  would  Intro¬ 
duce  additional  pei-iodlclt ies. 

Computed  values  of  In  ppm  ere  also  plotted  versus  time 
ill  Figure  7.  The  time  !?p.a!!  choss::;  wac.  one  in  which  the  target 
was  presumably  in  free-fall.  The  RJ'l.S  was  calculated  to  be  32.5 
ppm  for  this  ti.me  span.  In  Figure  B  we  sec  the  Koplerlan  data  of 
Test  5^60  for  v;hlcl.  t!ie  prcv.lous  analysis  was  done.  The  cyclic 
noise  Is  evident  in  ttie  gr.apti  of  A.(  and  the  power  apecti-um. 

5 .  CONCLUDING  REMARK.S 

It  is  of  intei’cst  to  note  that  Groe:,'.‘  (.'.■762)  Independently 
performed  a  regression  analysis  of  5?  r'.lssi'.' e  ve.its  in  an  attempt 
to  determine  vjhat  parainei^c;'.-.  were  important  an  the  Keplerian-dlf- 
ference  noise.  He  found  tViat,  oX'  the  five  quantities  studied,  the 
amount  of  low  clouds,  the  oos^oat^t  -..o:  elevation  angle,  and 

the  spar,  length,  of  free-fall  data  used  In  l...^  d'oTerlan  calcula¬ 
tions  v;ere  significant.  Plie  two  lu-antitlcs  whicr.  .  ■  d  up  a.s 
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insieTiiricanc  were  signal  strength  and  surface  Index  of  refrac¬ 
tion.  In  Figure  9  we  see  the  regression  equation  used  by  Oreene 
and  the  coefficients  computed  from  the  data  used  by  him.  In 
addition,  ■/.•e  see  also  the  variance  analysis  and  the  correlation 
matrix. 


The  Importance  of  cosecant  E  and  span  length  have  already 
been  mentioned  with  regard  to  the  present  analysis.  It  should 
also  be  mentioned  that  the  wave  phenomenon  considered  here  Is 
Intimately  related  with  low  cloud  occurrence  In  the  sub-troploal 
atmosphere.  In  addition  we  should  also  note,  with  Interest,  that 
the  surface  Index  of  refraction  appeared  Insignificant.  This 
should  not  be  surprising,  since  a  single  observation  of  the  sur¬ 
face  index  has  no  relationship  to  the  noise.  As  was  pointed  out 
In  Section  5,  the  time  variation  of  the  surface  Index  is  what  is 
significant. 

Presently  the  necessary  Instrumentation  to  measure  the 
atmospheric  parameters  In  (52)  Is  being  Installed  In  aircraft. 

It  Is  Intended  In  the  very  noai'  future  that  simultaneous  track¬ 
ing  and  atmospheric  data  be  collected  and  utilized  In  a  more 
rigorous  test  of  the  hypothesis. 

Since  both  of  the  preceding  hypotheses  show  promise  of 
at  least  a  partial  solution  to  the  cyclic  noise  problem.  It  Is 
strongly  urged  that  additional  analysis  and  experiment  be  under¬ 
taken,  On-range  analysis  should  continue,  and  off- range  experiment 
and  en^^lvals  should  be  strongly  supported  by  AFSC  through  re- 
i-.:-.rch  and  through  contractual  arrangements. 

A  step  in  the  right  direction  has  been  taken  by  AFSC, 
through  the  Electronic  .Systems  division,  in  the  support  of  two 
parallel  approaches  to  a  solution  to  the  problem.  The  National 
Bureau  of  Standards  will  Investigate  the  turbulence  hypothesis 
discussed  earlier,  while  the  Ocophyslos  Research  Directorate  will 
study  the  perturbation  hypothesis  for  both  clear-alr  and  cloudy 
atmosphei'es. 
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Xi«STRUMBJ:)TATXON  SRRORS 
DUS  TO 

ATMOSPMSRXC  RBPRACTXOM 


by  David  K>  Barton 
Missile  and  surface  Radar  Division 
Radio  Corporation  of  America 
Moore stown.  Maw  Jersey 


February  1963 


(This  paper  is  a  summary  of  the  Report  of  the 
Ad  Hoc  Panel  on  Slactromagnetic  Propagation, 
National  Academy  of  sciences,  to  be  distrib¬ 
uted  during  March,  1963.} 


UNCLASSXFXBD 


1 .  INTHOUUCTION 


Tha  Ad  Hoc  panel  on  Electromagnetic  Propagation  was 
convened  aa  part  of  a  continuing  effort  by  the  National 
Academy  of  sciences  -  National  Research  Council  on  behalf 
of  the  Atlantic  Missiles  Range  as  requested  by  Headquarters, 
Air  Force  Systems  Command. 

The  Ad  Hoc  Panel  on  Basic  Measurements  discussed  in  its 
Report  how  well  we  can  measure,  at  the  present  time,  such 
fundamental  quantities  as  length,  time,  and  the  velocity  of 
light.  Tha  Report  notes  that  there  are  fundamental  limita¬ 
tions  to  tracKing  accuracy  imposed  by  our  inability  to  meas- 
sure  these  basic  quantities  with  more  precision,  but  it  points 
out  that  the  state  of  the  Instrumentation  art  has  not  yet  ap¬ 
proached  these  limitations.  There  are,  however,  other  funda¬ 
mental  limitations  to  tracRlng  accuracy  which  today  are  be¬ 
ginning  to  restrict  the  capability  of  our  instrumenta.  One 
of  these  major  limitations  is  that  imposed  by  atmospheric 
refraction.  Consequently,  the  Ad  Hoc  Panel  on  Blsctromag- 
natic  Propagation  was  formed  to  consider  this  problem. 

This  Panel  met  on  11  May  IBdit  in  Washington,  0.  C.  and 
heard  discussions  as  to  how  tracKing  accuracy  raquiramenta 
were  arrived  at  for  one  particular  program,  of  tha  current 
tracKing  capabilities  of  the  AMR,  and  of  various  research 
worK  which  instrumentation  and  atmospheric  physics  people 
are  conducting.  Due  to  the  quantity  and  divergence  of  the 
material  presented,  the  panel  could  not  arrive  at  a  con¬ 
sensus  regarding  a  report.  Consequently,  Mr.  David  K.  Barton 
was  appointed  Editor  of  the  Panel's  Report  by  the  Chairman. 

Mr.  Barton  drafted  tha  Report  of  the  Panel  from  material 
contributed  by  Dr.  Robert  s.  Fraser,  ■  John  B.  Smyth,  Mr. 
Preston  Landry,  and  himself. 


287 


in  tha  Report  of  tha  Ad  Hoc  Panal  on  Slectromagnetlc 
Propagation,  the  objactive  was  to  state  tha  current  extent 
of  our  Knowledge  concerning  atmospheric  refraction  and  its 
affect  on  tracKlng  accuracy,  for  the  benefit  of  range  users 
as  well  as  range  operators.  The  Panel  also  made  recommenda¬ 
tions  which.  If  followed,  should  lead  to  Increased  accuracy 
both  In  the  near  and  In  the  more  distant  future. 


1.  Current  status  of  Report 


During  January  of  1963,  the  report  was  reviewed  by  the 
entire  panel,  and  a  number  of  suggested  changes  were  Incorp¬ 
orated.  The  final  version  of  the  report  Is  scheduled  for 
distribution  during  March; 


The  Panal  Members  who  participated  In  tha  original  dis¬ 
cussion  and  who  reviewed  the  report  are  Identified  In  the 
fallowing  llatt 


Mr.  David  K.  Barton 
Mr.  John  Berbert 
Mr.  Charles  f.  Chubb 
Or.  warren  A.  Dryden 
Dr.  A.  B.  FocKe,  Chairman. 

Or.  J.  J.  Freeman 

Dr.  John  B.  Qarrlson 

Mr.  Dean  Howard 
Or.  Henry  P.  Kalmus 
Mr.  Preston  Landry 


Or.  Robert  B.  Muchmore 


RCA,  Moorestown,  H.  J. 

Qoddard  space  Flight  Center 
Sperry  Gyroscope  Company 
RCA,  patrlcK  Air  Force  Base 
Oept.  of  Physics,  Harvey  Mudd 
College,  Claremont,  Cal. 

J.  J.  Freeman  Associates,  silver 
Spring,  Maryland 

Applied  Physics  Laboratory,  Johns 
'  HopKlns  university 
Naval  Research  Laboratory 
Chief  Scientist,  Diamond  Fuse  Lab. 
Chairman,  slectromagnetlc  Propaga¬ 
tion  Working  Ground,  XRXG, 
sglin  Air  Force  Base 
space  Technology  Laboratorlea 


288 


Or.  Louis  {See lands 
Dr.  Henry  ploticin 
Mr.  C.  M.  Quarfeld 
Mr.  Joseph  Salerno 
Or.  John  B.  Smyth 

Mr.  Robertson  Stevens 
Or.  A.  W.  Straiten 
Or.  Moody  c.  Thompson 

Mr.  S.  w.  Bullington 


General  Blectric  Co.,  Syracuse 
Goddard  space  Flight  Center 
white  sands  Missile  Range 
MIT  Lincoln  Laboratory 
Smyth  Research  Associates,  San 
Oiego,  Cal. 

Jet  Propulsion  Laboratory 
University  o£  Texas 
National  Bureau  of  Standards, 
Boulder,  Col. 

executive  Secretary,  Advisory 
Committee  to  AFSC,  National 
Academy  of  Sciences 


3.  Contents  of  Report 

The  Report  of  the  Ad  Hoc  panel  contains  discussions  of 
the  following  subjectst 

a.  Tropospheric  errors 

b.  ionospheric  errors 

c.  Tropospheric  correction  procedures 

d.  effects  on  typical  instrumentation  systems 


Conclusions  and  recommendations  are  also  included,  and  these 
will  be  presented  in  full  below.  First,  we  will  present  the 
tables  and  figures  which  summarize  the  Information  on  atmo¬ 
spheric  errors.  The  various  effects  were  classified  as 
shown  in  Table  1. 


a.  Tropospheric  errors.  Figures  1  and  «  indicate  the 
magnitude  of  errors  in  range  and  elevation  angle  encountered 
by  systems  with  tracking  antennas.  Figure  3  compares  the  el 
svation  angle  errors  measured  by  trackers  and  by  horizontal 
interferometers.  The  curve  for  the  short-baseline  system 
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is  also  inaicative  of  the  residual  value  of  error  in  a  tracicer 
after  subtraction  of  the  term  MgCote^^  (see  right-hand  scale 
on  Figure  l) .  This  correction  is  unnecessary  in  the  inter¬ 
ferometer. 

Fluctuating  errors  in  angle  and  angle  rate,  which  affect 
both  tracking  antennas  and  interferometers,  are  shown  in  Fig¬ 
ures  4  and  5,  for  the  special  case  of  a  target  which  remains 
fixed  in  angle  relative  to  the  tracking  system.  These  errors 
are  due  to  variations  in  the  refractive  index  of  the  tropo¬ 
sphere,  which  have  a  spectral  distribution  shown  in  Figure  8. 
Measurements  .made  by  the  Bureau  of  standards  have  provided 
data  on  spatial  correlation  of  errors  as  well  as  on  temporal 
correlation,  and  these  measurements  suggest  that  the  two 
effects  are  closely  related,  in  fact,  as  shown  in  Figure  7, 
the  two  correlations  agree  if  the  troposphere  is  assumed  to 
consist  of  a  "rigid"  pattern  of  refractivlty  variations  which 
ante  over  the  surface  of  the  earth  at  a  speed  near  10  ft/ sec. 
The  relative  velocity  of  tho  troposphere  with  respect  to  the 
measurement  ray  will  also  depend  upon  the  angular  rate  of  tha 
target,  and  a  fast-moving  target  will  lead  to  more  rapid  var¬ 
iation  in  the  angular  errors  measured  by  ttie  instrument.  Fig¬ 
ures  S  and  9  show  the  position  and  velocity  errors  caused  by 
refractivlty  variations  which  are  described  by  Figure  8.  The 

velocity  v  represents  the  average  crosswind  velocity  with 
"  * 
respect  to  the  measurement  rays,  and  Vj^  represents  the  vel¬ 
ocity  of  these  rays  relative  to  the  troposphere  when  tracking 
a  moving  target.  The  velocity  is  averaged  over  the  portion 
of  tha  troposphere  which  contributes  the  refractivlty  var¬ 
iations,  and  is  approximately  that  applying  to\ an ’altitude 
of  10,000  feet. 

b.  Ionospheric  errors.  Figures  10  and  11  show  the  errors 
in  range  and  elevation  angle  Introduced  by  the  normal,  daytime 
ionosphere,  indicating  the  dependence  upon  operating  frequency. 
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An  astlmate  of  the  fluctuating  component  of  range  error  is 
shown  in  Figure  while  Figure  13  shows  the  error  in  the 
angle  at  which  the  measurement  ray  passes  the  target,  at  an 
altitude  of  300  km.  Unlike  the  tropospheric  error,  the  error 
due  to  the  ionosphere  is  largely  unpredictable,  even  when  the 
ionosphere  has  been  measured  by  radio  backseattering .  A 
typical  monthly  scatter  of  elevation  angle  errors  at  three 
different  sites  is  indicated  in  Figure  14.  Further  measure* 
oients  carried  out  on  the  California  coast  indicated  that  the 
errors  could  not  be  predicted  on  the  basis  of  ionograms  any 
better  than  by  using  average  monthly  forecasts  of  electron 
density  profiles,  and  that  the  residual  errors  after  attempted 
correction  were  almost  as  great  as  the  original  error  values. 
The  inability  to  predict  the  error  encountered  at  a  given 
time  indicates  that  accurate  systems  must  operate  at  fre¬ 
quencies  high  enough  to  reduce  the  initial  value  of  error  to 
a  tolerable  level.  For  the  accuracy  requirements  described 
to  the  panel  (velocity  measurements  in  the  order  of  one  ft/sec 
or  better),  this  would  imply  operation  at  frequencies  above 
3000  Me.  The  only  known  exception  to  this  applies  when  two 
frequencies  are  used  in  a  system  which  makes  redundant  meas¬ 
urements  to  cancel  out  the  ionospheric  error. 

c.  Tropospheric  correction  procedures.  The  correction  pro¬ 
cedures  used  at  the  ranges  to  compensate  for  tropospheric  er¬ 
ror  are  discussed  in  the  report.  These  are  based  on  ray-tracing 
computations  carried  out  in  a  digital  computer,  using  rafract- 
,  Ivity  profiles  calculated  from  radiosonde  or  refractometer 
data.  Table  ^  gives  an  estimate  of  the  minimum  residual  er¬ 
rors,  after  application  of  such  a  process  to  tracking  data. 
Surface  refractivity  would  have  to  be  measured  with  the  best 
available  Instruments  to  meet  these  accuracy  figures  when 
using  a  tracker.  Residual  angle  bias  in  an  interferometer 
system  might  be  somewhat  less,  since  a'lsolute  refractivity 
data  would  not  be  needed  for  correction. 
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The  values  listed  in  Table  have  been  criticized  by  some 
as  bein9  overly  optimistic,  and  by  others  as  being  too  pessi¬ 
mistic.  It  is  believed  that  they  represent  a  fair  statement 
of  the  performance  attainable  using  accurate  readings  of  sur¬ 
face  refractivlty  in  combination  with  radiosonde  profiles  for 
higher  altitudes. 

d.  affects  on  typical  instrumentation  systems.  The  in¬ 
formation  on  atmospheric  errors,  including  both  bias  and  var¬ 
iable  components,  was  applied  to  a  specific  target  examples 
a  satellite  or  missile  in  horizontal  flight  at  an  altitude 
of  160  miles.  This  case  was  chosen  because  it  represents  a 
number  of  the  actual  tracking  problems  which  are  met  by  the 
test  ranges,  and  because  it  illustrates  the  procedure  for  ap¬ 
plying  the  error  analysis  developSd  in  the  report.  The  results 
are  given  in  a  series  of  Tables,  which  describe  the  errors 
encountered  by  three  different  types  of  tracking  system. 

4.  Description  of  Srror  Analysis  Bxeunple 


Three  different  equipment  configurations  were  assumed, 
with  two  operating  frequencies  compared.  The  results  are 
summarized  in  Tables  3  through  5.  Xn  each  case,  the  target 
was  assumed  to  have  the  following  characteristics i 


Target  altitudes 
Target  ranges 
Tangential  velocitys 
Angular  rate  of  beam  motions 
Effective  tropospheric  velocity 
relative  to  beams 
Beam  elevation  angles 


h=l60  n.  mi.«10®  ft 
Rb660  n.mi .>4xl0^ft 
V^-10,000  ft/sec 
B  .  5  mr/see 

V|^  a  a5o  tt/aac 

0  B  g®  B  105  mr 
o 


The  errors  are  given  for  "average"  weather  conditions,  -cor¬ 
responding  to  the  median  cusrves  of  Figures  4  and  5,  or  to  a 
condition  where  small  amounts  of  cumulus  clouds  are  present. 
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Ths  errors  for  heavy  clouc  cover  would  be  about  twice  those 
listed,  while  for  clear  sky  they  would  be  about  half  as  great 
Similarly,  the  ionosphere  was  assumed  to  follow  the  daytime 
model  used  in  Figures  10  and  11,  without  extreme  sunspot  or 
other  disturbed  characteristics.  Where  ionospheric  errors 
are  important,  the  variation  in  their  magnitudes  may  be  as¬ 
sumed  to  range  from  a  factor  of  three  above  those  listed  to 
about  one-third  of  these  values,  depending  upon  time  of  day 
and  portion  of  the  sunspot  cycle. 

The  velocity  errors  for  the  tracker  and  interferometer 
systems  have  been  found  from  Figures  4,  5,  a,  and  9,  taking 
into  account  the  measured  spectra  of  tropospheric  errors. 

For  the  trllateration  system,  the  predlmlnant  error  has  been 
calculated  from  the  uncertainty  in  the  ray-bending  component, 
accoraing  to  Mlliman's  study.  Total  error  has  been  found  as 
the  rms  sum  of  all  bias  and  fluctuating  components,  and  has 
been  expressed  in  terms  of  range,  angle,  target  position, 
and  target  velocity,  in  each  case,  the  components  due  to 
angular  measurement  (or  equivalent)  are  seen  to  govern  the 
accuracy  of  the  system,  and  of  these  the  elevation  component 
is  of  greatest  importance.  The  results  '  e  not  consistent 
with  some  of  the  published  figures  for  interferometer  systems 
but  are  believed  to  represent  the  most  accurate  values  for 
this  tracking  problem.  The  primary  cause  of  the  difference 
lies  in  the  fact  that  ths  satellite  may  have  appreciable 
tangential  velocity,  causing  the  measurement  beams  to  move 
through  the  atmosphere  at  rates  which  greatly  magnify  the 
frequencies  in  the  atmospheric  error  spectrum.  If  similar 
calculations  were  made  for  targets  which  had  little  or  no 
tangential  velocity  (as,  for  instance,  missiles  travsling 
directly  away  from  the  instrumentation  site),  the  errors 
would  be  appreciably  lower  in  magnitude,  at  least  insofar 
as  velocity  data  is  concerned. 
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^onclualooe 


5  . 

5.1  Tropospheric  Pias  c?rrors:  a r«  highly  predictable  using 
radiusonde  or  rufrac tome  ter  profiles?  residual  errors  from 
1^  to  3^4  of  the  ii'ltial  bias  levels  are  commonly  attained 
using  procedlres  described  in  the  Panel  Report.  Oata  to 
within  one-half  foot  in  range  and  ^.0  to  70  >iradians  in 
angle  can  be  expected  at  elevation  angles  above  five  degrees 

5.2  Tropospheric  fluctuation  errors  are  not  correctable 
using  any  Known  procedure,  and  will  amount  to  a  few  tenths 
of  a  foot  in  range,  and  10  to  50  pradians  in  angle  (depend¬ 
ing  on  the  baseline  c.r  apertura  used  for  measurement), 
under  normal  weatlier  condicioiiy. 

5.3  The  re latlQiiahif)  .'o tv-'uen  temporal  and  spatial  correla¬ 
tion  of  tropoSj-uit^ric  iiuot-u.jt.icus  has  been  investigated, 
based  on  data  obtai.neo  by  ttio  , 'National  bureau  of  Standards. 
The  effect  of  s'rwrt-peiiod  ;  luctuations  is  described  in 
■'■'ures  4  and  5,  and  is  trcnsiarteTvt  v;lth  a  drift  of  tropo- 
apneric  anomalies  across  a  tixod  measurement  path  at  the 
speed  of  the  prevailing  wine.. 

5.4  in  range  in s t rumen ca*- ion  appli tatioms ,  where  the  beeun 

is  net  fixed,  the  residual  "hl-vi"  ana  lon^t-tsm  srror  com¬ 
ponents  will  change  as  the  l-oam  muvas,  and  additional  atmo¬ 
spheric  rate  errors  v/il.l  be  generated,  as  shown  in  Figure 
9.  These  errors  v;i  j  i  oe  proportional  to  the  tangential 
velocity  of  '.h  >  “  ‘  le ,  and  will  typically  be  five  to 

fifty  times  th->  moa-'^urad  for  a  fixed  beam. 

5.5  The  uncertainty  in  tropospheric  paths  leads  to  errors 
equivalent  to  motion  ot  the  inscruxnent  on  the  ground.  The 
motion  of  the  "virtual  sou.rce"  typically  amounts  to  several 
feet  normal  to  the  path  and  i  few  tenths  of  a  foot  along 
the  path. 
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5.0  Ionospheric  errors  are  essentially  unpredictable!  end 
-.’ill  exceed  rhe  residual  tropospheric  errors  when  operating 
freq-uencies  below  3300  Me  ane  used,  dven  in  the  SOOO-bOOO 
.Me  band  the  ionospheric  errors  will  contribute  to  overall 
atmospheric  error  during  daytime  operation. 

5.7  Redundant  measurements  performed  at  two  frequencies 
below  3000  Me  can  be  used  to  correct  for  lonofpheric 
error  in  both  range  and  angle. 

5.3  The  lowest  atmospheric  errors  are  found  In  trilatera- 
tion  systems  using  very  long  baselines.  Total  position  and 
velocity  errors  for  a  typical  satellite  track  (3o0  miles 
range,  loO  miles  altitude)  through  average  weather,  are 


as  follows! 

EtMS  Position 

RH3  velocity 

1 

Error  (feet) 

Error  (ft/esc) 

.Range -angle  tracker 

310 

16 

at  6000  Me 

interferometer  at 

100 

*,4 

10,000  Me  (Mlstram) 
j  rri laceration  system 

at  aOOO  Me 

13 

0.9 

at  6000  Me 

k.5 

0.15 

The  above  errors  may  be  increased  or  decreased  by  a  factor 
of  two  or  three  for  different  weather  conditions  (and  at 
*000  Me  for  different  ionospheric  conditions).  The  tri- 
lateration  errors  shown  are  dependent  upon  perfect  survey 
of  station  location,  as  well  as  Instrumental  errors  below 
one-half  foot  in  range  and  0,0*  ft/ sec  in  range  rete. 
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6.  Recommendations  for  Achieving  increased  Accuracy  Today 

6.1  Since  ionospheric  refraction  cannot  at  present  be  pra^ 
dieted  to  within  better  than  about  50^  of  any  Instantaneous 
value,  the  use  of  microwave  bands  or  of  dual-fraquenoy  meas¬ 
urements  is  necessary  in  precision  tracking  of  targets  above 
100  miles.  iSingle-frequency  systems  requiring  velocity  data 
better  than  one  foot  per  second  should  operate  above  3000  Me 
to  minimize  the  ionospheric  refraction  effect. 

6. A  A  continuing  program  of  data  analysis  at  the  various 
ranges  should  be  instituted  to  evaluate  and  Improve  the 
atmospheric  correction  procedures  described  in  the  Panel 
Report.  Soma  of  this  work  is  being  done  at  AMR  now  (and 
perhaps  at  other  ranges)  in  connection  with  other  activities. 
However  this  work  is  so  Important  that  it  should  be  supported 
as  a  separate  functionr  this  is  the  only  way  it  will  receive 
the  attention  which  it  deserves.  Data  is  available  at  all 
the  ranges;  it  is  only  necessary  that  qualified  people  be 
assigned  to  an  analysis  of  it.  This  work  should  be  fully 
supported  by  all  the  services  at  their  respective  ranges. 

The  data  analysis  conducted  at  each  particular  range  should 
be  fully  coordinated  among  the  ranges  and  with  the  SBS 
measurement  program.  Other  interested  agencies,  such  as 
RASA,  slnould  also  be  invited  to  participate.  The  Inter 
Range  instrumentation  group  has  done  an  excellent  Job  in 
ciiQ  past  of  providing  coordination  snd  dissemination  of 
technical  information  among  the  ranges  on  an  informal  basis 
and  is  well  qualified  to  do  so  in  this  case.  This  coordina¬ 
tion  of  effort,  especially  among  the  National  Ranges,  and 
undoubtedly  best  accomplished  by  themselves,  should  receive 
the  full  support  of  000. 

6.3  Standard  procedures  should  be  adopted  for  atmospheric 
correction  of  tracking  data  by  all  of  the  ranges  and  range 
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users,  and  estimates  of  residual  bias  errors  ..agreed  upon 
for  each  procedure.  The  methods  discussed  in  the  Panel 
Report  are  suggested  as  a  basis  £or  such  standards  and  are 
consistent  with  efforts  now  underway  by  the  Slectroinagnetlc 
Propagation  WorXing  Group  of  the  Inter  Range  Instrumentation 
Group.  The  BPWG  is  currently  working  on  a  range  instru¬ 
mentation  manual  which  it  hopes  will  lead  to  more  standard¬ 
ization.  The  work  of  the  individual  members  of  SPWQ  on 
this  project  should  be  given  the  full  support  of  each 
particular  range  where  they  are  located  and  the  project  as 
a  whole  should  have  the  complete  support  of  000  on  an  inter¬ 
range  basis. 

7.  Recommended  Research  for  future  Increase  ih  Accuracy 

7.1  Future  tracking  systems  should  be  designed  to  tolerate 
the  unpredictable  fluctuations  of  the  measurement  ray  paths 
in  the  atmosphere,  when  targets  of  high  velocity  must  be 
tracked  with  accurate  three-coordinate  velocity  measure¬ 
ments,  the  measurement  system  baselines  should  be  as  long 
as  possible  and  they  should  be  consistent  with  target  alti¬ 
tude.  Systems  which  require  that  instrmentation  sites  be 
located  with  an  accuracy  on  the  order  of  one  foot  or  better 
do  not  appear  to  be  consistent  with  our  ability  to  predict 
ray  paths  in  the  troposphere. 

1  ,'4.  A  specific  procedure  for  measuring  and  correcting 
tropospheric  errors  on  a  real-time  basis  has  been  proposed 
to  the  panel.  A  brief  discussion  of  this  techniqus  appears 
in  Appendix  B  of  the  Panel  Report.  Theoretically  this 
technique  appears  very  promising.  It  is  now  a  question  of 
dstmrminlng  whether  experimental  verification  can  be  obtained 
This  work  should  receive  full  support  from  the  Air  Force. 

7.3  The  National  Bureau  of  Standards  (Boulder)  has  outlined 
a  program  of  atmospheric  measurements  which  it  is  atten^ting 
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or  would  llKe  to  attempt.  This  program  la  dlacuased  in 
Appendix  C  of  the  Panel  xeport.  These  measurements  would 
provide  much  needed  data  on  spatial  and  temporal  correlation 
of  tropospheric  range  (or  phase}  errors.  The  panel  recom¬ 
mends  that  this  program  be  pressed  as  rapidly  as  possible 
and  fully  supported  by  the  Air  Force  to  provide  much  needed 
information  for  both  the  interferometer  systems  and  the 
longer- baseline  systems  using  range  and  range-rate  data. 

7.4  When  tracking  at  interplanetary  distances  the  errors 
imposed  by  the  atmosphere  become  proportionately  less.  Con¬ 
sequently  one  limiting  factor  to  tracking  accuracy  at  such 
distances  would  appear  to  be  the  precision  with  which  we 
know  the  velocity  of  light,  currently  felt  to  be  about  one 
part  per  million.  (A  discussion  of  our  knowledge  of  the  vel¬ 
ocity  of  light  is  given  in  the  report  of  the  Ad  Hoc  Panel 
on  Basic  Measurements.)  The  efforts  by  the  National  Bureau 
of  Standards  to  determine  this  value  with  more  accuracy 
should  be  fully  supported. 

7.5  With  our  current  tracking  techniques  for  interplanetary 
distances  an  even  more  critical  need  than  a  better  determina¬ 
tion  of  "e"  is  that  of  a  better  frequency  standard.  For 
Doppler  tracking  a  target  over  such  distances  a  frequency 
standard  or  clock  having  a  short-time  stability  of  ons  part 
in  10^^  is  needed  now.  (At  the  present  time  we  can  measure 
time  with  an  accuracy  of  about  one  part  in  10^^.  This  is 
discussed  in  the  Report  of  the  Ad  Hoc  Panel  on  Basic  Meas¬ 
urements.)  The  continuing  efforts  of  the  National  Bureau  of 
Standards  to  develop  more  stable  frogiwtncy  standards  should 
receive  full  support. 

7.6  Since  the  accuracy  limits  of  current  tracking  instru¬ 
ments  bnd  propagation  correction  procedures  are  on  tlte  order 
of  about  one  foot,  there  is  a  definite  need  for  geodetic 
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systems  or  procedures  capable  of  locating  our  tracking 
instruments  or  systems  to  this  samo  accuracy  over  inter¬ 
continental  distances.  It  is  recommended  that  a  study 
croup  be  convened  to  determine  what  c  re  the  moat  fruitful 
areas  for  investigation  which  could  lead  to  better  detecmina- 
tion  of  locations  on  a  global  basis  and  which  might  ultimately 
lead  to  the  accuracy  mentioned  above. 

8.  Further  Recommendations 

d.l  The  ranges  should  make  the  systems  designers  and/or 
range  users  familiar  with  the  basic  limitations  on  tracking 
accuracy  imposed  by  the  atmosphere  as  described  in  the  Peuiel 
Report.  It  is  futile  for  range  users  to  request  accuracies 
which  cannot  ba  obtained  for  reasons  discussed  therein. 

And  the  Panel  does  not  anticipate  that  significant  improve¬ 
ment  over  the  potential  accuracies  discussed  here  will  be 
attained  in  the  near  future,  although  more  consistent  use 
of  correction  techniques  will  improve  on  past  performance. 
However,  if  the  reaearch  recommended  in  the  report  la  under¬ 
taken  and  adequately  supported  it  may  disclose  means  of 
reducing  the  basic  uncertainties  connected  with  propagation 
through  the  atmosphere  which  could  be  applied  within  the 
next  decade. 

3.<i  In  order  to  make  the  best  use  of  the  available  resources 
for  the  development  of  instrumentation  systems  and  techniques 
for  propagation,  the  responsible  agencies  should  arrive  at 
consolidated  requirements  for  missile  and  aatellite  meas¬ 
urement  accuracies  instead  of  new  and  different  requirements 
for  each  individual  program.  The  consolidated  requirements 
should  be  stated  and  published  in  such  a  manner  as  to  encourage 
scientific  work  on  the  most  fundamental  instrumentation  pro¬ 
grams,  and  should  not  be  hampered  by. the  security  restrictions 
and  need-to-know  of  any  particular  we  ^  -n  or  weapon  system. 
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Thi'’  13  a  DOD-wide  problem  and  DOD  should  take  the  lead 
in  trying  to  implement  this.  However,  the  Air  Force 
could  do  much  along  this  line  with  those  programs  under 
its  cognizance. 
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i  J 

Classification  o£  Atmospheric  Errors  bv  Type. 

There  are  many  ways  of  describing  propagation  errors  in 
precision  tracHing  systems.  The  four  classifications  shevm 
in  Table  I  are  suggested  to  cover  the  characteristics  of 
most  interest  to  the  developers  and  users  of  missile  and 
space  range  instrumentation  t 


a.  Source  of  Errors 

Tropospheric 

Ionospheric 

b.  Measured  Quantity 

Angle  of  arrival  or  phase  difference 
Range  delay  or  signal  phase 

c.  Spatial  Correlation  of  Errors 

Across  radar  aperture  (5  to  100  feet) 
Across  short'  baseline  (lOO  to  1000  feet) 
Across  long  baseline  (1000  to  100,000  feet) 

d.  Temporal  Correlation  of  Errors 

Bias  (fixed  during  one  track) 

Fluctuation  (periods  of  seconds  or  minutes) 


For  each  combination  of  the  above  characteristics,  the 
error  should  be  known  as  a  function  of  operating  frequency, 
target  altitude,  elevation  angle  (or  slant  range)  and  state 
of  the  atmosphere.  Except  in  rare  instances,  the  instru¬ 
mentation  system  may  be  assumed  to  be  at  sea  level. 
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The  present  state  of  the  art  in  correction  of  range 
and  elevation  data,  using  combined  radiosonde  and  refracto- 
meter  data  to  derive  accurate  surface  .refractivity  and 
profiles,  is  estimated  to  provide  the  accuracy  of  correction 
shown  in  Table  2, 


TABLE  2. 


Optimum  Accuracy  of  Range  and  Angle  Corrections 


Lonc-Ranae  Case  (R  300  n.  mi.) 

dgo  5® 

eo=20O 

Initial  range  bias  ARg 

(ft) 

75 

22 

Residual  range  bias  d  j.jj 

(ft) 

0.75 

0.2 

%  residual  error 

1 

1 

Initial  angle  bias  b 

(prad) 

3500 

900 

Residual  angle  bias  d  gj. 

(prad) 

70 

20 

%  residual  error 

2 

2 

Short -Hanoe  Case  (R  =  50  n. 

mi . ) 

Initial  range  biasARg 

(ft) 

22 

7 

Residual  range  biasd^j^ 

(ft) 

0.5 

0.15 

%  residual  error 

2 

2 

Initial  angle  bias  i 

(prad) 

2000 

700 

Residual  angle  bias  d^^^ 

(prad) 

60 

20 

%  residual  error 

3 

3 

(Values  shown  should  be  doubled  for  disturbed  meteorological 
conditions  such  as  heavy  cloud  cover,  fronts,  and  inversions; 
also  for  lack  of  reliable  and  frequent  soundings  covering 
the  entire  tropospheric  path  used  in  measurement) . 
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Table  3  Typical  Atmospheric  Errors 
Tracking  Radar  on  Satellite  Tracking  Mission 


A.  Tropospheric  Components  (average  weather) 


Range  bias  dR^  (Fig.  l)i 

60  ft 

Angle  Bias  D  (Fig.  2) i 

2500  ttc&d 

Residual  range  bias  (Table  2)t 

0.3  ft 

Residual  angle  bias  (Table  !)• 

50  /irad 

Range  fluctuation 

0.1  ft 

Angle  fluctuation  Oq^  (Pig.  9)t 

60  /I  rad 

Range  rate  bias  d.  sy  (L.  : 

rb  t  Ob 

0,5  ft/seo 

Range  rate  fluctuation  d.  =v  d  • 

rf  t  Bf 

0.6  ft/sec 

Angle  rate  fluctuation  d^  (Pig.  9)» 

4  /icad/sec 

D.  Ionospheric  Components  (normal  ionosphere) 

Operating  frequency 

2000 

6000  mcps 

Range  bias  dri  (rig.lO)t 

10 

1.1  ft 

Range  fluctuation  d^.  (Pig,  l2)i 

Angle  bias  8^  ^(Pig.  IX) i 

0.05 

.006  ft 

S 

0.9  ^rad 

Ray  error  (Pi{i,13)i 

30 

3.3  /irad 

Range  rate  error  d.  =v.da 
i 

0.6 

.066  ft/sec 

C.  Total  Error 

Operating  frequency 

2000 

6000  mcps 

Range  error 

10 

1.2  ft 

Angle  error  d^ 

78 

78  /irad 

RMS  target  posis-ion 

310 

310  ft 

RMS  target,  velocity 

16 

16  ft/sec 

Significant  error  components! 

Residual  tropospheric  range  and  angle  bias 
Ionospheric  range  bias  (2Q00  mcps  only) 
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Table  4  Typical  Atmospheric  Errors 
Interferometer  System  (Mistram)  on  Satellite  Track 

A.  Tropospheric  Components  (average  weather) 


Range  bias  4  (Fig.  l)i 

60  ft 

A,.;le  bias  4?'  (Fig.  .lU 

160  /irad 

Range-dif ference  bias  (El.  b'»= 

1000  ft) 

0.18  ft 

Residual  range  bias  (Tabl 

e  i); 

C .  3  ft 

Range  fluctuation 

0.1  ft 

Elevation 

Azimuth 

Effective  baseline  b‘ 

(position  data)  s 

1000 

10,000  ft 

Residual  range-difference 

bias 

.02 

.06  ft 

Residual  angle  bias 

20 

6  ;urad 

Range-difference 

fluctuation  (Pig.d)i 

'  .014 

.06  ft 

Angle  fluctuation 

(Pig.  8)i 

14 

6  lit  ad 

Effective  baseline  b’ 

(velocity  data) i 

10,000 

.100,000  ft 

Range-rate  difference 

fluctuation 

.006 

.0014  ft/sec 

Angle  rate  fluctuation 

0.6 

0.14  ^rad/sec 
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Table  4  (continued) 


Elevation  Azimuth 


B.  Ionospheric  Components  (normal  ionosphere,  f =10, 000  me) 


Range  bias  (Fig.  10 )t 

Range  fluctuation  (Pig.  1»)» 
Angle  bias  8^  (Pig.  11) « 

Ray  error  (Fig.  13)  i 

Range  rate  error  t 

Ray  difference  error 
Range  rate  difference  error 
Angle  rate  error 


0.2  ft 
.001  ft  - 
0.16  /irad 
1.0  /irad 
.01  ft/sec 

0.1  0.3  /(rad 

.001  .003  £t/sec 

O.I  0.03  /irad/aec 


C.  Total  Error 

Range  error  or^ 

Angle  error  <r 
0 

RMS  target  position  dp 
RMS  target  velocity 


0.35  ft 
25  /(rad 
100  ft 

2.4  ft/aac 


Significant  error  sources: 

Tropospheric  range  bias 

Tropospheric  angle  bias  and  fluctuation 
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Table  5 


Typical  Atmospheric  Errors 


Wide-Baseline  Trilateration  System  on  Satellite  Traclt 


A.  Tronospherie  Components  (average  weather) 


Range  bias  (Pig.  l)i 

Residual  range  bias  (Table  ^)( 

Range  fluctuation  ffjff  1 
Geometrical  dilution  factors 
Equivalent  angle  bias 
Equivalent  angle  fluctuation  “"gf* 
Ray  error  bias 
Range  rate  bias 
Equivalent  angle  rate  bias 

Ray  error  fluctuation 
Range-rate  fluctuation 

Equivalent  angle  rate  fluctuation 


60  ft 
0.3  ft 
0.1  ft 
3 

0.33  ft  r»d 
0.11  /irad 
2.5  ftt»<3 
.025  ft /sec 
.027  4rad/sec 
1.4  /irad 
.014  ft/sec 

.015  x/rad/sec 


B,  Ionospheric  Components  (normal  ionosphere) 


Range  bias  dr^  (Fig. 10) i 

2000  mcps 

4.5 

6000  mcDS 

0.5  ft 

Range  fluctuation 
(Fig.  ll)i 

.03 

.0033  ft 

Equivalent  angle  bias 

4.8 

0.53  XI rad 

Equivalent  angle  fluctuation 
q 

ef  • 

.032 

.0035  urad 

Ray  error  bias  Ac*  ^  (Fig.  13)* 

20 

2.2  x^rad 

Range-rate  bias 

0.2 

.022  ft/sec 

Equivalent  angle  rate  bias 

:  0.22 

.024  xicad/sec 
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Table  5  (continued) 


C.  Total  Krroc 
Proquency 
Range  error  <r^ 
Equivalent  angle  error 
RMS  target  position  <Tp 
RMS  target  velocity 


2000  mcpB  6000  meoa 
4.5  0.6  ft 

4.8  0.64  ^rad 

19  2.5  ft 

0.9  0.15  ft/sec 


Significant  error  componantet 


At  2000  tncps  s  Ionospheric  range  bias  and  ray  error 
At  6000  mcps :  Ionospheric  and  tropospheric  range  bias  and 
ray  error  (Lrcpcspheric  is  slightly 
greater  than  ionospheric  at  this  frequency) 
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slant  Range  R^  in  Nautical  Miles 


Slant  Range  R.  In  Kilometers  (Plotted 

from  Ref.  1) 

Range  Bias  vs.  Range  for  CRPl.  Sxponantlal 
Reference  Atmosphere  z  313) 


Figure  1. 
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slant  Rahga  In  Nautical  Mllea 
10  30  100  300  1000 


Slant  Range  R^  In  xilomatera  (Plotted 

fron  Ref4  <) 

TracKer  slevatlon  Angle  Error  va.  Range 
for  CRPL  Sxponential  Reference  Ataioaphere 
(»o  -  313) 


Figure  2. 


0.2  05  I  2  S  10  20  50  100  200  500  1000  2000  5000  lOOOO 

MEAN  ELEVATION  ANGLE  ERROR  IN  MICRORADIANS 


Figure  3.  Mean  tracXer'and  interferoatater 
refraction  error*.  The  curve  for  Xm  aJLeo 
represents  the  residual  tracker  error  after 
correction  according  to 
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Separation  Baseline,  B 

flours  4  .  Measured  Variation  of  Azimuthal  Angular  Positioa  Error 

as  a  Function  of  Interferometer  Baseline  I,engtb.  (Fxoa  JMf*  3} 


oM/tl  TOO*--  a  TOOO 


0.01 


S'  ECTRAL  DENSITY  (ppm)  /CPS 


EQUIVALENT  SPATIAL  PERIOD  IN  FEET  FOR  V^«  10 FT/SEC 
10*^ 

10® 

10® 

10® 

10® 

I 

10-2 
KT® 

10"® 

10"® 

ICT®  K)-®  10"®  I0"2  *  » 

FREQUENCY  (CPS) 

Figure  6.  Spectra  of  aefractlvlty  and  Range  Fluctuation 
(after  Ref>  4) 
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Figure  7  .  Spetlel  Oorrelatlpn  calculated  from  Fhaaa- 

dlffarenoa  data  and  from  aingle-path  apaetra. 
Correlation  coefficient  for  tvo  paths  u  •  *^1*^2 

I  !■  inmin  m  *0 

ilange>dlffarance  error 
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Flguxa  8..  squlvalant  Angular  Posltloiii  Srxor  va.  BaaBllna  length  (tram 


Figure  9.  Equivalent  Angular  Rate  Error  's’s.  Baseline  Length  for  Fixed 
and  Moving  Paths.  (from  Rttf.  1,  5) 
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Figure  13.  ny  Brxor  Angle  v«.  Qpexatlng  freguea^ 
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METEOROLOGICAL  SUPPORT  TO  MISSILE  TESTS 


by: 

Lt  Col  Peter  E.  Romo 
Staff  Meteorologist 


Presented  at 

FOURTH  JOINT  AFMTC-RANGE  USER  DATA  CO^^FERENCE 
Orlando  Air  Force  Base,  Florida 
26-28  Februaary  1963 
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meteoroi.ogicai.  support  to  missile  tests 

Lt  Col  Peter  E.  Romo,  Staff  Met,  AFMTC 


As  background  for  a  discussion  of  meteorological  data  on  the  AMR,  I  will  de¬ 
scribe  some  of  the  more  important  relationships  between  missile  testing  and 
weather.  I'll  do  this  for  the  various  phases  of  the  missile's  testing,  from 
the  time  it  goes  up  on  the  pad  to  the  time  it  impacts  downrange. 

First  of  all.  a  missile  may  be  on  the  launch  pad  as  much  as  a  year,  although 
in  most  cases  it's  only  a  few  weeks.  During  the  time  that  it’s  in  an  upright 
position,  it  is  highly  vulnerable  to  winds.  This  includes  cross-sectional 
winds  (which  might  blow  it  off  its  padi  and  gusts.  To  explain  the  latter's 
effect,  it  is  necessary  to  understand  that  the  structure  of  the  missile, 
although  apparently  imposing  and  rugged,  is  really  quite  light  and  delicate; 
this  is  because,  as  an  example,  it  would  take  60  pounds  of  fuel  to  raise  into 
orbit  every  pound  of  structure  devoted  to  rigidity  or  strengt!;.  For  that 
reason,  the  bare  minimum  of  weight  is  devoted  to  this  purpose.  Accordingly, 
a  very  thin  skin  is  used  and  this  thin  skin  can  be  vibrated  by  the  small-scale 
variations  in  the  wind-field.  If  these  occur  in  a  certain  manner,  it's 
possible  that  a  resonance  will  be  set  up  in  the  skin  of  the  vehicle  and  this 
I,  could  be  sufficient  to  cause  severe  damage,  or  even  cause  destruction  of  the 
system. 

While  in  the  upright  position  there  is  a  threat  from  lightning  strikes,  which 
Could  damage  the  structure  and  would  certainly  damage  electronic  components. 

In  addition,  solid-fuel  missiles  have  a  danger  from  lightning  strikes  in  that 
the  fuel  may  be  ignited. 

Low-level  humidity  and  air  temperature  affect  the  vehicle  while  on  the  pad 
in  that  certain  of  the  fuels  used  can  oper.ite  only  within  a  limited  range 
of  these  parameters.  Also,  certain  guidance  systems  must  be  kept  within  a 
narrow  range  of  temperature,  and  therefore  temperature  measurements  and  fore¬ 
casts  are  necessary  during  the  time  the  missile  is  on  the  launch  pad. 

Once  the  missile  has  left  its  pad  in  the  early  stages  of  its  launch,  we 
find  that  wind  is  still  important,  not  only  for  the  structural  effects  as  de¬ 
scribed  previously  for  the  stationary  position,  but  also  for  control  and 
guidance  computations.  The  vehicle’s  structure  is  susceptible  to  the  same 
effects  that  were  present  during  the  portion  of  the  missile’s  launch-pad 
testing,  due  to  the  usual  horizontal-wind  gusts  and  also  due  to  the  vertical 
wind-shear  through  which  the  missile  will  fly.  Beside  the  effect  on  the 
structure  of  the  missile,  wind  variation  (shear  and  speed)  can  effect  the 

missile’s  control  and  guidance  systems.  To  explain  these  a  bit,  it's 

necessary  to  point  out  that  in  its  early  ftiaht,  while  it  is  hovering  or  just 

barely  beginning  to  climb,  a  missile  is  innt-.^.  ‘  ‘ y  unstable  and  one  would 
expect  that  it  would  fall  over  to  one  side  or  to  the  ■'■'r-  This  effect  is 
counter-balanced  by  adjusting  the  thrust  so  as  to  create  a  in  the 

opposite  direction.  However,  in  all  systems,  there  is  only  a  ceri.iii,  amount 
of  control  available.  If  the  wind-shear  or  wind-speed  appear  likely  to  overcome 
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t  ht'  capability  of  the  thrust  components  to  correct  variations  in  the  angle 
of  attack,  then  the  test  must  be  postponed  until  a  more  favorable  time. 

Density  figures  into  this  ph.ase  of  the  vehicle's  flight  in  that  it's  really 
a  combination  of  density  and  wind  which  will  decide  the  overall  effects  on 
the  structure  and  control  guidance,  as  well  ns  on  thrust .  In  particular, 
there  is  an  area  (which  varies  between  20,(XX)  and  40, (XX)  feet  for  the  various 
missiles)  where  the  most  critical  Q-area  (dynamic-pressure  area)'  occurs,  and 
density  must  be  measured  in  order  to  forecast/analyze  the  effect  of  this  high-Q 
area. 

Tn  describing  the  effect  of  humidity,  it's  necessary  to  go  back  to  explain  the 
(  jnction  of  the  Range  Saf^y  Officer  on  any  missile  test.  It's  his  responsi¬ 
bility  to  decide  when  the  missile  is  passing  beyond  safe  limits,  e.g.,  when  it 
might  endanger  populated  areas,  and  he  must  destroy  the  vehicle  as  necessary 
to  allow  all  debris  to  fall  in  Safe  areas,  considering  the  effect  of  the  wind 
on  the  descending  debris.  To  give  him  the  data  on  which  to  base  these  de- 
.cisions,  missile  ranges  are  equipped  with  high-accuracy  tracking  systems. 

These  are  pulse  radar  or  continuous-wave  systems  such  as  the  MISTRAM,  but  in 
any  case,  they  are  highly  accurate  and  very  expensive.  However,  these  systems 
do  not  become  effective  until  the  missile  has  passed  through  the  first  2000  ft 
(approximately)  of  atmosphere.  Below  that  level,  blast  effects  and  ground 
clutter  distort  the  image  and  the  Range  Safety  Officer  cannot  rely  on  the  data 
from  these  tracking  systems.  For  this  lowest  level  of  the  flight,  he  must 
rely  on  visual  tracking  of  the  missile  and  this  implies  a  knowledge  of  clouds 
a.'jJ  visibility. 

Even  after  the  missile  has  passed  through  the  first  2000  feet,  the  data  can 
be  extremely  accurate  only  if  there  is  some  krlowledge  of  the  index  of  re¬ 
fraction  for  the  path  between  the  missile  and  the  tracking  systems.  As  an 
example  of  the  possible  effects  of  this  parameter,  the  specified  accuracy 
claimed  for  the  MISTRAM  (Missile  Tracking  and  Measurement)  system  is  about 
3  parts  per  million  for  the  cosine  angles.  In  contrast  to  that  stated 
accuracy,  the  uncertainties  in  the  atmosphere  can  cause  errors  of  as  much  as 
ten  parts  per  million,  or  three  times  the  tolerances  of  the  basic  system. 

Finally,  the  effect  of  temperature,  although  secondary  in  the  launch  phase,  is 
still  of  some  importance.  Temperature  figures  into  computations  of  thrust 
and  drag  and  therefore  most  tests  require  some  knowledge  of  the  temperature 
field  through  which  the  missile  passes,  at  least  for  the  lowest  100,000  feet 
oT  the  atmosphere. 

During  the  mid-flight  phase  of  the  test,  tracking  data  are  required  and  this 
implies  that  humidity  data  are  needed  to  compute  the  effect  of  the  index  of 
refraction  on  the  measurements.  Also,  range  aircraft  fly  along  this  portion 
of  the  flight  path  to  gather  telemetry  data  in  those  areas  where  neither 
ships  nor  land  stations  are  available,  so  that  fl> ing-weather  forecasts  are 
necessary.  Furthermore,  clouds  and  visibility  figure  into  the  operation  of 
ballistic  cameras,  whose  data  are  used  to  calibrate  the  measurements  which  are 
gathered  by  other  means. 
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As  the  re-entry  body  nears  its  impact  point,  we  find  that  humidity  data  must 
be  gathered  for  correcting  tracking/impact  computations.  .And  now  density 
becomes  very  important  because  re-entry  heating  is  partially  dependent  on 
density  distribution,  as  is  the  decay  of  the  orbit  in  the  case  of  a  space 
shot.  Clouds  and  visibility  affect  the  flight  of  the  telemetry  aircraft 
which  fly  in  this  part  of  the  flight  path  in  order  to  take  pictures  of  the 
re-entry  body  as  it  enters  the  atmosphere  and  to  gather  telemetry  data  during 
the  last  phase  of  the  flight.  Also,  these  and  other  aircraft  figure  in  the 
recovery  operation  of  capsule  and/or  man  (or  animals)  in  other  tests. 

Because  of  the  delay  i r  gathering  and  processing  our  data,  most  meteorological 
data  are  usually  provided  for  post-flight  computations,  where  they  are  of  great 
importance.  However,  forecasts  for  the  parameters  which  are  used  for  predict¬ 
ing  structural  and  control-guidance  effect  are  often  provided  in  advance  of  the 
test  in  order  to  run  the  data  through  auto.Tiatic  computers  to  simulate  the 
effects  on  the  system. 

These  are  the  major  measurements  and  services  currently  provided  by  meteor¬ 
ologists  for  the  average  missile  test.  It  is  apparent,  though,  that  we  must 
go  beyond  this  in  order  to  support  orbital  flights  and  also  to  support  flights 
which  will  re-enter  from  beyond  space,  beyond  our  own  atmosphere.  Also,  more 
sophisticated  systems  will  need  equally-sophisticated  meteorological  measure¬ 
ments  and  service. 

To  gather  the  necessary  data,  the  AMR  relies  on  both  the  AF's  Air  WeathrT 
Service  (AWS)  and  on  PAA's  Meteorological  Division.  The  AWS  does  all  fore¬ 
casting  on  the  AMR  and  operates  the  weather  st.ation  at  Patrick  AFB,  PAA  uses 
approximately  140  men  to  take  weather  observations  on  the  major  stations  of 
the  AMR  and  on  Ocean  Range  Vessels.  AWS  and  PAa  work  closely  on  items  of 
mutual  interest,  e.g.,  planning,  supply,  and  supervision  of  the  meteorological 
operation, 

iNeather  stations  have  been  established  at  many  points  along  the  AMR.  at 
locations  where  tracking  and  telemetry  stations  exist.  These  weather  stations 
normally  provide  weather  observational  data  which,  when  used  with  other  avail¬ 
able  observat ions,  form  the  basis  for  operational  forecasting  services  required 
to  support  missile  testing  on  the  AMR, 

In  addition,  these  stations  provide  the  environmental  measurement  of  atmos¬ 
pheric  parameters  to  help  the  range  users  determine  what  the  environment 
contributed  to  the  missiles’  performance. 

Of  prime  importance  are  the  corrective  data,  such  as  index  of  refraction  for 
electromagnetic  and  optical  wavelengths,  that  are  provided  so  that  radar, 
cw.  and  w^«Ical  tracking  systems  data  c,an  be  corrected. 

Atlantic  Missile  Range  Weather  Station.*;  prc,sr.;-.  ,  ,  active  at  the  Liuncl;  puint, 
Cape  Canaveral,  Grand  Rahama  (200  mi  le.s  downrango),  t  len' ’i'- 1  'TIO  miles  down- 
range),  San  Salvador  (430  miles  downrange).  Grand  Turk  (660  m.  i  •  l'"'nrange), 
Antigua  (1240  miles  downrange)  and  Ascension  Island  (at  4400  miles  i.o;.  ;  nge). 

In  addition,  5  Ocean  Range  Vessels,  which  operate  at  various  seaward  locations 
as  needed,  also  have  active  weather  stations  on  board. 
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Ti.t!  t  oi  i  :irc  the  day-by-day  observations  on  the  AMR  to  which  are  added 

special  observations  as  needed  to  satisfy  our  customers'  requi remen t-s; 

A.  Surface  Observations 

1.  Twenty-four  hour  airways,,  special  and  local  observations  from 
the  Cape. 

2.  Airways,  special  and  local  observations  from  0900  to  2400  Zulu 
from  Grand  Bahama,  San  Salvador,  Grand  Turk  and  Antigua. 

,  3.  Throe  and  six  hourly  synoptic  observations  from  Grand  Bahama, 

{  San  Salvador,  Grand  Turk  and  Antigua. 

4.  Six  hourly  synoptic  observations  from  the  Ocean  Range  Vessels  when 
they  are  at  sea. 

B.  Rawinsonde  Observations 

1.  Four  rawinsonde  observ.ilions  daily  from  Cape  Canaveral. 

2.  Two  rawinsondes  and  two  pilot  balloon  observations  daily  from 
Grand  Bahama,  San  Salvador,  Grand  Turk  and  Antigua. 

3.  Two  pilot  balloon  observations  daily  at  OOOOZ  and  1200Z  from  Ocean 
Ra'.^"*  V-i^sels  while  they  are  at  sea. 

C.  Meteorological  Rocket  Observations  will  be  furnished  with  data  to  be 
available  on  a  climatological  basis  from  Antigua,  Grand  Turk  and  San  Salvador. 
These  rockets  are  fired  in  support  of  missile  tests  and  the  Meteorological 
Rocket  Network.  Data  are  available  to  200,000  feet. 

All  range  rawinsonde  data  are  reduced  in  our  central  facility^which  is 
equipped  with  an  electronic  digital  computer,  700  -  500  and  200Hnillibar 
data  are  transmitted  by  this  unit  for  each  rawinsonde  at  0200  Zulu  plus  each 
6  hours  for  the  Cape  and  at  0200  Zulu  plus  each  12  hours  for  the  other  range 
stations  through  Antigua, 

Our  meteorological  data  arr  processed  according  to  the  desires  expressed  by 
the  range  customer,  and  are  distributed  to  the  agencies  listed  in  AMR  documents. 
Handling  and  distributing  f  hr.s'-  data  are  becoming  increasingly  complex  as  more 
mure  customers  ask  for  data,  but  the  AMR  is  happy  to  provide  them  to  all 
users. 
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Introduction; 


Our  interest  in  calibrating  range  instrumentation  involves  the  development  of  a  system 
which  con  serve  as  a  calibration  tool  for  all  DOD  missile  test  ranges.  This  system  must  have 
0  generoi  application  such  that  it  is  not  closely  tied  to  the  relative  distribution  of  the  tracking 
net;  it  will  serve  to  colibrate  several  electronic  systems  at  the  same  time;  and  is  capable  of 
checking  system  performpnce  over  the  ranges  and  velocities  for  which  the  equipment  was  devel- 
'  oped  and  will  be  operating.  We  would  hope  that  when  the  tool  is  built  and  tested/  the  ranges 
i:  would  utilize  it  not  only  for  their  immediate  calibration  needS/  but  use  it  also  to  maintain  and 
K  Improve  the  calibration  parameters.  Perhaps  os  system  performances  Improve/  such  o  satellite 
or  satellites  con  serve  at  o  standard  In  space  such  that  the  electronic  systems  con  use  It  os  a 
f  pre  and  post  calibration  device  during  actual  missile  tests  much  the  same  way  that  the  optical 
syii  uses  the  stars. 

Missile  Appllcotion; 

Before  we  discuss  some  preliminary  aspects  of  the  satellite  calibration  concept,  let  us 
briefly  consider  the  possibility  of  using  missiles  to  accomplish  the  same  task.  Since  the  Interests 
of  this  group  are  related  to  the  AMR/  we  will  restrict  our  remarks  mostly  to  this  range.  As  Indicated 
previously,  there  are  two  MISTRAM  Systems  on  the  Range,  one  at  Volkorlo  ond  the  other  on 
Eleuthero.  It  would  be  reasonably  easy  to  design  o  series  of  missile  shots  between  the  two  MISTRAM 
stations  shown  In  Figure  1  carrying  a  MISTRAM  transponder  to  perform  the  calibration.  These 
stations  are  sufficiently  close  such  that  one  trajectory  con  produce  equally  valuable  observations 
for  each  site.  It  Is  not  known  exactly  how  many  shots  would  be  required,  but  it  appears  that 
six  trajectories  well  distributed  In  azimuth  and  altitude  would  be  a  conservative  estimote. 

Let  us  now  enlarge  the  picture  and  consider  the  GLOTRAC  System.  We  note  from  Figure 
2  that  these  sensors  extend  further  down-range  ond  cover  a  much  wider  areo  than  MISTRAM. 

Based  purely  on  the  relative  distribution  of  this  network,  it  is  obvious  that  o  GLOTRAC  eollbro- 
tion  would  require  many  more  missile  shots.  Even  If  o  combined  MISTRAM-GLOTRAC  calibration 
Is  assumed,  the  addition  of  Bermuda  and  Cherry  Point  would  odd  at  least  three  trajectories  to  the 
Initial  six,  in  order  to  sotisfy  the  northerly  azimuth  direction  of  these  stotions.  If  we  go  beyond 
I  MISTRAM  and  GLOTRAC  and  Incorporate  C-bond  radar  sites  extending  to  South  Africa,  the  rocket 
I  concept  soon  reaches  an  impractical  number  of  missiles  and  an  unreosonoble  omount  of  work. 

.Hite  Applicotlon; 

Inasmuch  as  satellite  calibration  colls  for  very  precise  predictions,  the  utilization  of  such 
objects  generally  raises  doubts  as  to  the  accuracy  of  orbit  calculations.  This  is  a  natural  reaction 
in  view  of  the  fact  orbital  work  involves  the  use  of  o  model  and  this  particular  model  is  for  from 
perfect  at  the  present  time.  Although  this  is  o  serious  factor  for  normal  orbit  updating  over  a  two 
or  three  day  period,  the  effect  of  the  error  can  be  completely  minimized  by  the  application  of 
very  short  arcs. 
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As  d  rule,  rhe  model  for  satellite  predtctioiM  should  occount  for  the  following  pertur¬ 
bations. 

o.  Those  created  by  the  gravitational  field/  i.e.  the  potentiol  expression  should 
ca^  at  least  the  first  five  zonal  tenns/  the  pair  of  sectorial  (degree  two-order  two)/ 
and  the  pair  of  tesseral  harmonics  of  degree  four-order  one. 

b.  Those  due  to  atmospheric  drgg  occounted  for  by  integrating  step  by  step  oteng  the 
orbit  insteod  of  making  on  overOge  correction  over  one  revolution. 

c.  Those  due  to  solar  radiation  pressure;  allowing  for  perigee  in  sunlight  or  daricrmss/ 
and 

d.  Perturbations  due  teethe  attraction  of  the  sun  arxi  moon. 

In  short  arc  opplioations/  only  tl)e  first  factor  becomes  signlficont.  The  other  pertur¬ 
bations  can  be  minimized  by  selecting  appropriate  altitudes  such  that  the  mechanical  effect 
due  to  drag  and  the  gravitational  effect  from  the  sun  orsd  moon  ore  essentially  zero.  Solar 
radiation  can  be  circumvented  by  using  a  satellite  with  o  small  oreo-to-moss  ration  (lets  than 
i  cm^/gm)  and  to  some  degree  by  fobricating  the  satellite  in  o  spherical  form. 

The  expreuion  in  Figure  3  represents  the  only  source  of  satellite  pertuibotion  which  mutt 
be  applied  for  short  ora  on  the  ordm  of  3000  or  4(i00  nm.  The  first  part  (— )  denotes  the  two 
body  term/  the  second  tenn  represents  the  lotitude  dependent  foctors  (zona'l  honnonics)  and  the 
lost  term  defines  the  tesseral  hormonics  which  depend  both  on  latitude  and  longitude.  The  P  '  s 
are  conventional  associated  Legendre  functions/  ^  Is  the  goecentric  latitude/  J  K  are  . 
coefficients,  a  is  the  radius  of  the  earth  and  r  is  the  geocentric  rodius  to  the  s^llife!  Values 
for  the  zonal  and  tesseral  coefficients  have  been  derived  from  satellites  and  terrestrial  gravity 
data  by  many  sources.  Presently  there  ore  good  estimates  for  the  zonal  terms  up  to  and  few 
tesseral  terms  such  os  given  in  Figure  3.  Other  high-order  coefficients  are  also  available/  but 
in  most  cases  the  uncertainties  In  these  values  ore  still  rather  large. 

Short  Arc  Orbital  Prediction; 

It  is  now  of  interest  to  estoblidt  just  how  much  of  the  potential  expression  con  be  truncated 
for  typical  MISTRAM  or  GLOTRAC  Calibration.  In  order  to  perform  this  investigation/  it  was 
assumed  that  the  inclination  of  the  satellite  was  40  degrees,  the  altitude  was  400  nautical  miles, 
the  eccentricity  approximately  zero,  the  weight  of  the  satellite  approximately  350  pounds,  and 
the  diameter  of  the  satellite  approximately  one  meter.  These  assumptions  are  consistent  with  the 
criteria  given  earlier  to  minimize  orbital  perturbations  (other  thon  the  effect  of  U)  ond  also  to 
provide  a  maximum  number  of  observations  by  selecting  an  inclination  which  follow>  me  general 
trend  of  the  tracking  sites. 

The  results  of  this  study  are  tabulated  in  Figure  4.  The  first  four  columns  In  this  figure  show 
the  time  since  epoch  and  the  correspoiiding  space  position  of  the  satellite  when  oil  five  zonal  terms 
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ore  token  into  account.  The  subsequent  columns  show  the  deviation  from  the  X,  Y,  Z 
coordinates  of  the  sotellite  as  the  J5  ,  J4 ,  Ja#  and  Jj  terms  are  set  to  zero.  The  last  three 
columns  show  the  eff^ect  due  to  drog.  A  4000  nm  segment  of  the  orbit  (16  minutes)  was 
selected  in  order  to  establish  the  error  in  the  predictions  as  the  satellite  traveled  from 
Valkoria  to  Ascension. 

It  con  be  concluded  from  this  table  that  terms  on  the  order  ct  J4  or  larger  must  be 
carried  in  the  prediction  process.  Although  the  deviations  offer  1 6  minutes  for  J5  “  J4  =  0 
are  7.3m,  3.0m,  and  3.8m  in  X,  Y,  ond  Z,  these  errors  can  be  reduced  by  fitting  an  ellipse 
with  the  epoch  at  8  minutes  Instead  of  zero  minutes  and  distributing  the  error  up  and  down 
range.  Obviously,  the  arc  required  for  the  MISTRAM  calibration  would  probably  be  on  the 
order  of  6  minutes  and  for  that  period  of  time  the  moin  terms  (-)  and  the  second  zonal  (Jj) 
are  the  only  terms  required.  *  The  same  type  of  anolysis  caa  be  made  in  regord  to  the  tesseral 
harmonics.  It  is  very  likely  that  the  J  terms  wherd  (n,  m)  S  3  must  also  be  employed, 

but  these  should  constitute  the  extent  oTVhe  model. 

Observotions  from  Satellite  Passes: 

So  for  we  hove  assumed  that  exact  orbital  elements  are  known  at  some  instant  that 
the  satellite  approaches  the  calibration  areo  ond  with  these  elements  we  have  generated  on 
ephemeris  as  the  sotellite  trovels  down  ronge.  Actually,  in  real  operations  the  reverse  is  true; 
i.e.  only  oppror.imate  elements  are  known  during  the  opptoach  phose  and  the  observations 
mode  over  the  calibration  area  are  used  to  moke  a  least  squares  adjustment  of  the  elements.^ 

This  being  the  case,  it  becomes  obvious  that  the  observation  program  including  station  distri¬ 
bution/  observation  geometry,  redundancy  in  observation,  type  of  equipments  and  their  accurcciesr 
etc.,  ore  oil  extremely  important  to  this  problem.  We  have  not  completed  a  thorough  analysis  of 
all  these  factors,  but  we  can  show  you  the  wide  variation  of  observations  made  possible  by  using 
a  satellite. 


Figure  5  shows  a  typical  satellite  coveroge  for  part  of  the  AMR.  The  right  ascension 
of  the  node  of  the  orbit  ond  the  right  ascension  of  the  sun  were  selected  such  that  the  down 
ronge  passes  occur  at  night  and  the  south  to  north  passes  Pccur  during  the  day.  A  station  centrally 
located  in  the  area  of  this  diagram  can  observe  45  of  the  105  posses  over  a  period  of  seven  days. 
Moreover,  half  of  these  passes  can  be  observed  optically  as  well  as  electronically.  This  figure 
definitely  points  out  the  geometric  variotions  and  long  period  sompling  of  observation  for  the 
satellite  over  the  missile  concept.  In  addition,  this  observation  pattern  remains  essentially  un¬ 
changed  for  other  areas  under  the  arc  (40*  N  to  40®  S  for  i  =  40®  ond  over  all  longitude)  and 
if  the  life  of  the  satellite  is  assumed  to  be  six  months  to  one  year,  the  coverage  becomes  abso¬ 
lutely  saturated  with  good  passes. 


Let  us  now  examine  in  more  detail  the  type  of  observation  available  from  these  passes. 
Figure  6  and  Figure  7  represent  'the  heavy  lined'  path  (poss  number  35)  shown  in  Figure  5  as  seen 
first  from  Valkaria  and  then  as  seen  from  Valkoria  and  Eleijthero.  We  can  note  from  these  diagrams 


that  these  orbits  provide  excellent  geometry,  long  data  sampling  periods,  large  variations 
in  range  measurements,  almost  complete  overlap  in  observotions,  and  op'imum  conditions 
for  optical  measurements.  The  optica'  obseivations  in  the  former  diagiom  occur  between 
t  =  5  minutes  and  t  =  10  minutes  end  :  t'm  letter  fijniro  between  tin-  r-.vo  ■.hci.ied 
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plones  (from  h  =  31  ®  elevation  to  h  *  55*  elevation  from  Eleothera).  This  interval  also  rep¬ 
resents  that  portion  of  the  orbit  where  simultaneous  optical  observations  can  be  made  from  both 
stations.  The  electronic  overlap  occurs  between  h  24°  for  Valkarld  and  h  =  25°  at  Eleuthera 
with  the  minimum  observed  angles  at  these  times  being  10*  for  the  opposite  site.  The  10°  rise 
ongle  at  Valkaria  and  10°  set  at  Eieuthero  represents  the  16  minute  arc  discussed  earlier  for 
which  gravitational  perturbations  were  analyzed. 

The  neor  zenith  pau  was  taken  us  an  example  for  two  reusonst  (a)  it  represents  the 
ore  most  effected  by  the  U  expression  (other  arcs  would  be  considerably  shorter  in  length)  and  (b) 
it  shows  o  wide  range  of  distances  which  are  very  euentlol  in  isolating  MISTRAM  error  sources. 

The  example  also  shows  thot  the  satellite  posses  either  maximize  one  effect  and  minimize  the 
Sers.  If  we  refer  to  Figure  5  again«  we  con  see  that  passes  such  as  number  8f  18,  48,  92  and 
other  near  the  corners  have  exactly  the  reverse  effect  os  (o)  and  (b)  above,  while  others  closer 
to  the  center  have  a  tendency  to  equalize  both  factors.  As  will  be  shown  later,  the  observation 
redundancy  provided  by  the  satellite  proves  very  significant  in  deriving  the  error  coefficients. 

Satellite  Instrumentationt 

The  experiment  payload  will  be  limited  to  the  most  Important  electronic  AMR  missile¬ 
ranging  transponders  —  MISTRAM,  GLOTRAC  and  DPN-66  —  plus  a  high  performance  flashing 
beacon  to  provide  the  needed  opticol  data.  (Figure  8) 

The  electronic  ranging  systems  will  be  operated  3  times  dolly  on  the  average,  and  4  times 
dolly  as  o  maximum.  An  "operation"  will  entail  a  ^minute  wann-up  plus  o  10  to  14 minute 
period  available  for  use.  This  utiiizotlon  frequency  is  In  keeping  with  the  data  acquisition 
requirements  os  well  os  with  the  distribution  of  the  GLOTRAC,  opticol,  DPN-66  ground  stations 
and  the  more  limited  distribution  of  MISTRAM.  The  optical  system  should  furnish  at  least  30 
bursts  dolly.  A  single  burst  will  consist  of  4  flashes  minimum,  to  provide  assured  Identification 
when  photographed  against  the  star  background  and  to  maintain  accuracy  In  optical  data.  Each 
of  these  systems  will  be  tied  to  Individual  power  supply. 

The  light  and  all  three  ranging  transponders  must  be  capable  of  being  o^roted  both 
simultaneously  os  well  os  in  any  sequence  so  as  to  permit  using  the  satellite  In  any  orse  of  the 
several  tracking  modes.  This  required  flexibility  in  operation  will  neceuitate  an  extensive  memory 
jnd  logic  system  as  well  os  an  accurate  (good  to  at  least  0.3  milliseconds)  clock.  The  resulting 
copobllity  to  operate  with  only  Infrequent  Infection  of  commands  means  that  only  a  single  ground 
injection  station  will  be  need^,  but  an  odditlonal  back-up  station  will  be  provided  in  the  event 
of  memory  failure  and  to  provide  a  monuol  override  for  all  systems. 

Telemetry  will  be  provided  to  gather  the  usual  aperationol  data  as  well  os  to  give 
assurance  checks  on  the  operation  of  transponders  and  the  light. 

Stabilizotion  will  be  required,  as  undoubtedly  will  be  de-spln.  The  closer  the  axis 
can  bo  stabilized  to  point  downward  toward  the  earth*  s  center,  the  better  will  be  utilization  of 
high-gain,  narrow-beam  antennas  and  light  optics.  Magnetic  stabilization  Is  presently  good  to 
3  degrees,  but  this  may  not  be  sufficiently  accurate  for  antenna  orientation  required  for  MISTRAM. 
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FIGUIIE  8 


Obviously  the  minimum  weight  is  desired  for  the  soteiiitet  but  the  prqctical 
philosophy  will  be  adopted  by  using  the  lightest  known  and  proven  components,  meuty  of  which 
have  been  proven  during  other  progroms.  No  attempt  will  be  mode  to  engage  in  extensive 
development  of  new  components  to  wring  out  the  lost  bit  of  weight^soving.  This  reflects  the 
desire  to  limit  costs  ond  get  the  program  going  without  development-induced  delays.  A  pre¬ 
liminary  estimate  of  satellite  weight  is  shown  in  Table  1 . 

Summory; 

Before  I  ask  Mr.  Brown  to  moke  the  second  port  of  this  presentation,  I  would  like 
to  stress  that  the  missile  tracking  systems  represent  a  considerable  investment  of  Government 
funds  and  are  scheduled  to  ploy  major  roles  in  our  missile  and  space  programs.  These  systems 
and  in  particular  MISTRAM,  also  represent  the  state-of-the-art  knowledge  in  the  electronic 
field  in  which  every  practical  design  refinement  was  utilized  to  achieve  maximum  accuracy. 

We  beliiive  that  it  is  absolutely  essential  that  the  copability  of  these  equipments  be  fully  evalu¬ 
ated,  improved,  and  maintained  over  the  years,  and  we  further  believe  that  the  satellite  con¬ 
cept  Is  the  only  practical  tool  to  achieve  this  goal. 


TABLE  1 

AMR  CAUBRATIGN  SATELUTE 
PRELIMINARY  WEIGHT  BUDGET 


Weight  in  Pounds 


Ehcperiment  Payload  (Gov't  Furn,  Equip*) 

Min, 

Max. 

Estimated 

Attainable 

1.  Mistram  (transponder  only) 

12,0 

16.5 

14.0 

2.  Glotrac  (transponder  only) 

5.5 

7.0 

7.0 

3.  DPN-66  (transponder  only) 

8.8 

10.  5 

10.  5 

4,  Electronic  Flash  Heads  Controls 

(2  flash  heads,  trigger  &  charging 
circuitry,  capacitors,  sequence 
controller) 

30.0 

50.0 

40.0 

Supporting  Payload 

1,  Structure  (body,  solar  blades  and 

hinges,  thermal  insulation,  bal¬ 
ance  weights) 

40.0 

80.0 

70.0 

2,  Power  Supply 

(Separate  batteries  for  light  trans¬ 
ponder  and  other  electronics,  solar 
cells,  isolators  &  regulators) 

40.0 

95.0 

60.0 

3.  SUbilization  (De-spin,  attitude  set  & 

stabilizer) 

6.0 

30.0 

15.0 

4.  Command,  Logic,  Switching, 

Memory  b'Clock 

(Memory,  100%  redundant  receivers 
commutator,  clock,  alternate  com¬ 
mand  system) 

(magnetic) 

25.0 

45.0 

35.0 

5.  Telemetry  (Commutator  fe  transmitter) 

10.0 

15.0 

13.0 

6.  Antennas  (Single  system,  looking  down- 

ward  only) 

2.0 

8.0 

P.O 

7.  Cabling  &  Harnesses  (RF,  power  dis¬ 
tribution  k  special  flashing  light 
cables) 

15.0 

30.0 

20.0 

8.  Payload  Accessories  (Vehicle  adap- 

tors  kmisc.  interface  elements) 

5.0 

10.0 

8.0 

total 

199.3 

397.0 

298.5 
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MISTRAM  Regression  Simulotion 


Mr.  Mancini  has  shown  that  the  satellite  approach  to  the  calibration  of  tracking 
systems  is  attractive  from  the  standpoints  of  geometry,  fiat|uency  of  suitable  posses*  globol 
opplicability,  and  operational  as  well  as  reductiopal  feoiibllity.  It  remains  to  be  demon¬ 
strated  whether  or  not  a  significantly  worthwhile  calibration  can  be  achieved  through  satellite 
observations.  A  study  has  recently  been  initiated  to  investigate  this  matter.  We  shall  present 
some  of  the  preliminary  results  of  this  study.  The  specific  problem  to  be  considered  here  is  that 
of  calibrating  MISTRAM  by  means  of  satellite  observations.  In  order  to  calibrate  any  system 
it  is  necessary  to  derive  an  error  modal  for  each  channel  of  observations.  The  error  model 
adopted  for  MISTRAM  Is  presented  In  Figure  10.  Each  of  the  unknown  porameters  of  the  error 
model  (the  a‘s)  has  the  specific  physical  interpretation  indicated  in  Figure  10.  We  do  not 
consider  the  proposed  error  model  to  be  necessarily  exhaustive;  It  is  altogether  possible  that 
additional  terms  may  be  |ustified  by  a  more  thorough  systems  analysis  than  that  which  we  have 
hod  an  opportunity  to  make  thus  for.  It  should  be  noted  fhot  any  required  corrections  which 
can  be  mode  perfectly  for  all  proctical  purposes  are  not  Included  in  the  error  model;  relativistic 
corrections  and  propagation  time  delays  fall  in  this  category.  While  time  does  not  permit 
presentation  of  the  derivation  of  the  error  model,  several  remarks  ore  In  order.  First,  the 
error  models  for  P,  Q  ond  R  are  not  necessarily  independent,  inasmuch  as  certain  of  the 
error  parameters  may  be  rigidly  interrelated.  For  instance,  the  frequency  drift  coefficients 
O),  O|o,  0|9  may  logically  be  considered  to  be  equal  to  each  other;  the  same  Is  true  of  the 
timing  bios  parameters  05,  o^j  ^21*  frequency  bios  04  may  be  regarded  os  being 
Implicit  in  the  parameters  ond  02]  which  also  serve  to  occount  for  first  order  refroctive 
effects  in  P  and  Q.  In  addition  to  rigid  constraints,  certain  statistical  constraints  may  be 
placed  on  some  of  the  parameters.  For  instance,  the  first  and  second  order  refraction  para¬ 
meters  in  the  P  error  model  should  be  very  nearly  the  same  os  the  corresponding  parameters 
In  the  Q  error  model.  Such  knowledge  may  be  exploited  by  regarding  the  differences  be¬ 
tween  these  parameters  as  hoving  means  of  zero  and  variances  of  specified  magnitude. 

Similar  statistical  constraints  may  be  placed  on  individual  error  parameters.  This  makes  it 
possible  to  exploit  a  priori  knowledge  of  the  likely  range  of  variation  of  a  given  parameter 
to  constrain  the  parameter  to  lie  in  probability  within  specified  stotistlcol  bounds. 

Because  certain  of  the  parameters  of  the  P,  Q,  R  error  models  are  Interreloted, 
the  parameters  of  all  three  error  models  must  be  determined  simultaneously  In  a  single  multiple 
regreulon.  In  arder  to  obtain  specific  numerical  results,  we  auumed  that  MISTRAM  observed 
three  successive  passes  of  a  sotellite  in  a  circular  orbit,  400  nm  high  and  inclined  40*.  Figure 
11  indicates  the  geometry  of  the  passes  and  the  interval  of  coverage  assumed  For  each  pass. 

The  central  pass  (pass  0)  was  token  to  go,  directly  over  Capo  Canoveral.  Although  MISTRAM 
can  provide  P,  Q,  R  data  at  a  rate  of  up  to  20  samples  per  second,  a  sompling  rate  of  only  one 
point  per  five  seconds  was  assumed  In  the  regression.  This  was  done  in  recognition  of  the  possi¬ 
bility  that  a  significant  degree  of  serial  correlation  might  possibly  exist  in  the  observational 
chonnals.  Since  a  low  sampling  rote  would  be  more  likely  to  yield  o  set  of  nearly  independent 
observotions  than  would  a  high  sampling  rate,  the  dangers  Inherent  In  neglecting  seriol  corre¬ 
lation  in  a  regression  analyses  are  generally  minimized  if  the  regression  utilizes  a  lew  sompling 
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FIGURE  10 
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Nx-Tie  Results; 

P  .  al  resul  •.  o'  th »  MIS  RA^  regre  ion  analysis  for  t  :  posses  cf  Figure  1 1  are  summarized 

in  fa!-, !  1/  3  and  4.  In  orde.-  o  in  jre  rhi  t  the  regression  vvr  jid  be  determinant,  we  comtrairted 

tin  ac  j  xent  by  ,>ef.ify  ng  «  -riori  standcrd  deviations  for  ;t  ch  of  the  parameters  os  iiKiicated 

in  ‘he  ; '  res.  Rc  ^ressic  is  wgi  s  per  ormed  on  indivic’uol  posv  s,  tis  well  as  on  the  combined 

dolr‘  i  c  ]!l  three  succe  sive  posses.  For  comparative  purpos  .$  a  regression  was  also  performed 
on  ir  c  be  expe  cted  Fiopi  a  i  ighly  ioftec  trajectory  of  a  roc  ket  launched  from  Ca^  Canaveral; 
the  flig  ine  wa*  taken  as  run  sing  <ue  eatt  (90*  azimuth)  a.-.i!  apogee  was  taken  os  700  nm  and 
the  imp  poir  to.  120  miles  downrange.  Points  of  the  rocket  trajectory  below  an  altitude  of 
50  im  \  2  exclu<  ed  fress  the  regrestion  so  thet  drag  would  not  be  o  serious  factor  in  free  flight 

oil:  tol  uctic  ns. 

\  r  i  but  a  few  exceptions  the  error  p>arameters  resulting  from  regression  based  on  satellite' 

•o  Gf  ■  >  well  det.  rn  ined  and  well  separated.  The  exceptions  are  aj)  (first  order' refraction) 
and  c;..  K  survey  <  rror)  in  the  P  errer  model  and  020  (first  ordc  r  refraction)  and  02^  (Y  survey 
streri  1  the  Q  erre.”  model.  The  cox’ariance  matrix  cf  the  regression .porameters  sl^s  th'ot  O); 
a  sd  a, 4  .  rf  very  hi  jhly  correlated.  The  seme  is  true  of  020  and  O24 .  The  reason  for  this  stems  *4.^^ 
Tom  tr ;  'c  :t  that  vhen  rhe  range  R 's  largo  compared  with  the  lengths  of  the  P  and  Q  baselines, 

■(bj  and  L  q  respect!  /ely),  one  has  very  nearly  P  ^  bp  \p,  Q  =  b^X  '  inaimoch  as  the  X  one!  Y 
ax 's  ccii^  de  approximately  with  ths  P  and  Q  baselines  respectWe^.  Accordingly  in  the  error 
models  the  coeffici ents  of  O))  crxl  a  4  as  well  os  those  of  020  arid  024  are  essentially  constant 
multiples  cf  each  other  no  matter  what  the  geometry. (as  long  as  R  >  >  bp,  b-^).  Thus  the  seporo- 
ticn  of  firs:  order  refraction  arKi  basoline  I'onglhs  is  not  feasible  frorn  elrher  satellite  or  rocket 
obiorvctior  .  In  order  to  obrain  a  sharp  derennination  of  either  of  these  parameters,'  it  is 
necessarv  t)  specify  the  other. 

')  e  '  afted  trajectory  yields  results  camporable  to  those  of  the  satellite  passes  with  the 
except  on  .  lOt  first  ar.d  second  orde^  refroction  (qj,  oy)  in  the  range  error  model  are  poorly 
de-errn  .-'cc.  This  r.  a)  be  attributed  to  the  fact  that  the  elevation  angles  of  the  lofted  trajectory 
re  otlv  to  MiSTRA  X  never  become  sufficientiy  low  to  exercise  the  coefficients  of  pj  and  oy 
adiquC  '  al)  ,  'or  on  /  points  outside  he  effective  atmosphere  (h  >  50  nm  in  this  case)  were  carried. 

It  ollc  's  '.ot  a  loited  trajectory  m"st  impact  rather  for  down  range  (at  least  500  to  600  nm)  if 
it  s  lec  s  ta  a  $h  xrp  determination  of  re.raction  perameter  .  for  range. 


TABLE  2 


•  3 

AR  II,  Qjt  +  ojtR  +  CI4I'  +  aj  R  c^cse  E  +  17  c»c  E 


A  PRIORI 

SAT.  PASS 
-1 

SAT.  PASS 

0 

SAT.  i>ASS 
+1 

SAT.  PASS 
-1,  0,  +1 

LOFTED 

TRAJECTORY 

a 

0) 

4.i?5 

XT? 

"7153“ 

0 

02 

0.1  ft/sco 

0.0076 

0.0032 

0.014 

0.00024 

0.0018 

a 

03 

_8  -1 
1x10  «<  c 

0.054x10'* 

,8 

0.027x10 

.8 

0.094x10 

0.0035x10"* 

0.00^x10"* 

(7 

-S 

1x10 

0.032x10'* 

0.0057x10"* 

0.054x10'* 

0.0039x10"* 

0.0051x10"* 

ff 

05 

1x10"\oc 

0.055x10"* 

0.019x10'* 

0.1 00x1 o'* 

0,0017x10"* 

0.083x10"* 

a 

As 

1.0  ft. 

0.060 

0.052 

o.ni 

0.032 

0.35 

0 

0.002  f. 

0.00010 

0.00011 

0.00022 

0.00006 

0.00193 

RESULTS  OF  REGRESSION  SIMULATION*  R  ERROR  MODEL 


TABLF-.C< 


•  i 

AP»o(|  +  o,t+  o,otP+  o„P  +  o„P+  0,3?  eot  E+  o,4Xp*  0,5  ^ip  +  oj^t/p 


■ 

PASS 

PASS 

PASSES 

LOFTED 

■ 

A  PRIORI 

-1 

mu 

+1 

-1,  0,  +1 

TRAJECTORY 

m 

0.1  ft. 

0.051 

0,026 

0.064 

0.0047 

0.038 

a 

5x1 0"  ft/sec 

o.aixio"* 

0,48x10"* 

0.90x10"* 

0.055x10"* 

0.135x10"* 

a 

O|0 

J  _I 
1x10  MC 

O.IOxlO"^ 

0,12xlo"* 

0.12x10'^ 

0.011x10"* 

0.089x10"* 

a 

0|1 

_5 

1x10 

0.63x10"* 

0,66x10"* 

0.80x10"* 

0,49x10"* 

0.88x10"* 

a 

<^12 

1x10  »«e 

0.055x10"* 

0,019x10"* 

0.100x10"* 

0.0017x10"* 

0.083x10"* 

a 

2x10*^ 

'O.OBSxlO’’ 

0,092x10"^ 

0.100x10"* 

0.0032x10"* 

0.177x10"^ 

13 

a 

“u 

0.05  ft. 

0.046 

0,042 

0.043 

0.042 

0.0498 

0 

«15 

0.05  ft. 

0.041 

0,047 

0.043 

0.014 

0.035 

a 

<>14 

0.05  ft. 

0.046 

0,029 

0.0499 

0.038 

_ 

n*  155 

n  =  165 

n  “  155 

n«>495 

n=235 

RESULTS  OF  REGRESSION  SIMUUTION;  P  ERROR  MODEL 

(NOTE,  If  R»b  ,  P  a  b  XJ 
P  P  P 
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TS>BLE  4 


•  2 

AQ  =  0)7  +  0|Bt+ Oj»tQ  +  OjoQ  °21  Q  “2  2® ^  ®23^ ® “24 Hq  +  “25  I'q 


A  PRIORI 

SAT.  PASS 
-1 

SAT.  PASS 

0 

SAT.  PASS 
+1 

LOFTED 

TRAJECTORY 

0 

0.1  #2. 

5^545 

■  II  — 

°t7 

a 

“\8 

SxlO  ft/sec 

0.68x1 0'“* 

0.48x10“^ 

1.40x10'* 

0.057x10" 

0.110x10“* 

J  J 

J 

J 

J 

J 

J 

a 

1x10  lec 

0.110x10 

0.092x10 

O.IOOklO 

0.0087x10 

0.340x10 

“19 

.3 

.5 

.5 

.5 

.S 

_5 

ff 

IxlO 

0.56x10 

0.60x10 

0.45x10 

0.58x10 

“2fl 

.4 

.3 

_3 

.3 

.3 

J 

;r 

“21 

'xiO  t«c 

0.055x10 

0.019x10 

O.IOOklO 

0.0017x10 

0.177x10 

J 

J 

J 

J 

J 

J 

a 

I’xlU 

0.068x10 

0.071x10 

0.120kl0 

0.031x10 

2.00x10 

“22 

0 

“23 

o.or.  fi. 

0.033 

0.044 

0.046 

0.014 

0.048 

a 

“24 

O.Oiiff. 

0.049 

0.048 

0.045 

0.043 

0.045 

CT 

“25 

0.03  ft. 

0.0495 

0.029 

0.048 

0.0076 

0.038 

n=  155 

n«  165 

n«li5 

n=495 

n-235 

RESULTS  OP  REGRESSION  SlMULATIONi  Q  ERROR  MODEL 

(NOTE*  If  R  »  bQ,  Q  «  Bq  Vq) 


Propogotion  of  Regression  Covorionce  Matrix  Through  Sample  Trojectory; 


The  significance  of  the  results  listed  in  Tables  2,  3  and  4  can  be  ascertained  by  propagating 
the  covariance  matrices  of  the  error  parometers  resulting  from  satellite  regression  through  various 
trajectories  of  interest.  Table  5  indicates  the  results  of  propagating  the  covariance  matrix  re> 
suiting  from  satellite  pass  0  through  the  lofted  trajectory  described  above.  Sigma  R,  Sigma  P, 
Sigma  Q  in  this  figure  denote  the  standard  deviations  in  R«  ?,  and  Q  attributable  to  the  errors 
remaining  In  the  calibrated  error  parameters.  We  find  that  these  standard  deviations  have 
generally  been  suppressed  to  a  level  of  1/3  to  1/10  thot  of  postulated  noise  in  the  respective 
channels.  This  demonstrates  that  a  calibration  resulting  from  a  single  pass  of  a  satellite  can 
successfully  suppress  systematic  error  to  Insignificance  in  comparison  with  the  random  error.  This 
is  the  ultimate  objective  of  calibration. 

Conclusions 


Although  the  results  obtained  thus  for  are  of  a  preliminary  noture,  they  do  strongly  indicate  thot 
satellite  techniques  can  lead  to  on  effective  calibration  of  tracking  Instrumentation.  In  further 
work  the  assumption  that  the  short  arc  orbit  Is  perfectly  known  will  be  abandoned  in  favor  of  the 
more  reoiistic  assumption  thot  the  osculqting  orbital  elements  are  subject  to  error.  The  determina¬ 
tion  of  the  covariance  matrix  of  the  osculating  elements  and  the  propogotion  of  this  through  the 
regression  to  determine  the  error  porameters  must  be  accomplished  in  order  to  obtain  definitive 
results.  On  the  other  hand/  it  should  be  appreciated  thot  had  an  unsatisfactory  regression  been 
obtained  under  the  assumption  of  o  perfectly  known  orbit/  the  entire  concept  of  a  collbrotion 
satellite  could  hove  been  dismissed  without  further  investigation.  The  highly  fovoroble  results 
obtolned  thus  for  indicate  thot  the  coliLrotlon  satellite  clearly  warrants  an  exhaustive  investiga¬ 
tion  of  the  theoretical  /  operational/  logistical  /  reductional  and  economic  ospects  of  a  possible 
full  scale  future  program.  Such  an  investigation  is  now  well  underway  under  the  sponsorship  of 
Electronic  Systems  Division  of  the  Air  Force 
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TABLE  5 


T 

(Sec) 

150.00 

SIGMA  R 
ft. 

.1573187 

200.00 

.1485915 

250.00 

.1340646 

300.00 

.1092174 

349.99 

.0837006 

399.99 

.0610131 

449.99 

.0435491 

499.99 

.0353083 

549.99 

.0374892 

599.99 

.0446640 

(0.5) 

L 


SIGMA  P 
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Abstract 


Certain  numerical  characteristics  which  have  exhibited  them¬ 
selves  in  the  results  from  several  simulated  and  real  "Best 
Estimate  of  Trajectory"  reductions  are  dlscuBsed.  Emphasis  has 
been  placed  upon  the  effects  of  various  error  model  assumptions 
upon  a  BET.  In  addition,  the  effects  of  weighting  the  obser¬ 
vations  and  of  applying  certain  a  priori  knowledge  to  the 
solution  are  considered. 


1.  Introduction 


This  paper  has  been  preceded  by  tvjo  others  on  the  same  general 
topic  delivered  at  the  Joint  AFMTC  -  Range  User  Conferences  of 
1961  and  196S.  The  first  paper  (1)  discussed  the  philosophical' 
basis  of  the  error  model  approach  to  a  "Best  Estimate  of  Trajecto¬ 
ry,"  or  BET,  and  outlined  the  data  processing  procedures  deemed 
necessary  for  the  implementation  of  such  an  approach.  The 
second  paper  (2)  provided  a  history  of  BET  computer  program  de¬ 
velopment  as  of  that  time  and  described  plans  for  future 
modifications.  Due  to  the  rapidly  expanding  nature  of  the  BET 
problem,  the  scope  of  this  presentation  has  been  limited  to  only 
one  of  its  aspects  -  certain  numerical  characteristics  which  have 
become  evident  in  the  results  of  many  computer  runs  over  the 
past  few  years.  Some  of  the  examples  were  chosen  randomly  and 
some  wei?e  chosen  because  they  emphasized  certain  characteristics. 

In  order  to  give  the  numerical  results  meaning  to  those  unfamiliar 
with  the  BET  concept  certain  basic  assumptions  of  the  error  model 
BET  will  first  be  outlined. 


2.  The  Pormulatjon  of  an  Error  Model 


Before  any  measurement  can  be  of  use  in  a  trajectory  compu¬ 
tation,  the  condition  equation  relating  it  to  the  trajectory 
parameters  must  first  be  formulated.  Until  the  inception  of  the 
error  model  approach,  this  simply  entailed  the  formulation  of  a 
geometric  or  dynamic  relationship  between  the  measurement  and 
the  trajectory  parameters.  The  equations  were  then  solved  for 
the  trajectory  parameters  by  a  unique  solution  if  only  three 
measurements  were  available  or  by  a  weighted  least  squares  adjust¬ 
ment  (5)  if  more  than  the  necessary  minimum  of  three  measurements 
were  available.  By-products  of  the  least  squares  adjustment  were 
estimates  of  covariance  in  the  estimated  trajectory  parameters 
and  residual  errors  (residuals)  foimed  by  differencing  the  measure¬ 
ments  with  their  adjustod  values: 
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V  -  m  -  f(x,y,z)  ,, 

where  t' 

V  la  the  residual, 

m  la  the  measurement,  emd 

f(x,y,z)  la  the  least  squares  estimate  of  missile  position 
in  some  arbitrary  coordinate  system.  Similar  residuals ^existed 
for  the  velocity  equations. 

A  oommon  oharacterlstio  noted  In  the  residuals  was  that  for 
a  system  possessing  high  precision  (low  noise  content)  the  resi¬ 
duals  usually  exhibited  trends  (high  serial  correlation)  over 
long  Intervals  of  a  trajectory,  such  trends  may  be  noted  in 
Figure  lA,  which  la  a  graph  of  residuals  from  a  typical  TIDOP  (a 
UHP  Doppler  traotclng  system)  reduction.  Measurements  from  four 
TIDOF  sites  were  Involved  In  the  least  squares  adjustment. 

In  one  of  the  earliest  uses  of  an  error  model  at  AMR.  It  was 
assumed  that  such  trends  in  the  residuals  from  Doppler  data  were 
due  mainly  to  systematic  errors  In  the  calibration  process.  At 
that  time  (1957),  the  existing  Doppler  system,  known  as  DOVAP, 
was  usually  calibrated  or  "tied  in"  early  in  a  trajectory  with 
theodolite  data.  The  persistence  of  trends  in  the  residuals  thus 
led  rather  naturally  to  the  tle-ln  point  as  the  source  of  system¬ 
atic  error  and  the  inclusion  of  the  tie-in  point  in  each  condition 
equation  as  an  unknown.  An  analytical  solution  (4)  e^tlsted  at 
the  time  and  was  programmed  for  the  Cape  704  Computer.  Later  a 
a»re  straightforward  solution  (5)  was  derived  and  programmed  for  /' 
the  PLAC  Computer.  Data  from  several  Redstone  and  Thor  flights 
were  processed  using  the  two  techniques  although,  for  reasons 
mentioned  later  in  this  paper,  no  resulting  trajectory  was  ever 
published. 

The  1X)VAP  tle-ln  point  solutions  closely  resemble  the  constant 
bias  error  model  5RT  (an  obvious  defect  of  the  tie-in  point  method 
is  the  inclusion  of  the  random  error  at  the  time  of  tie-in  as  a 
systematio  error  throughoi^t  the  trajectory) .  In  the  constant  bias 
error  model  type  of  BBT  a  constant  term  is  added  to  each  condition 
equation  as  an  unknown.  The  basic  assumptions  hera  again  are 
that  the  system  is  poorly  calibrated,  that  the  calibration  error 
is  the  major  part  of  the  total  systematic  error  and  that  the 
systematio  ex>ror  remains  constant  throughout  the  reduction.  Some 
juatlfloation  for  such  an  error  model  exists  in  that  comparisons 
of  Ballistic  Camera  data  with  electronic  tracking  data  from  air¬ 
craft  calibration  tests  often  show  a  fairly  constant  bias  over 
long  stretches  of  the  aircraft's  flight  path.  The  existence  of 
such  a  constant  bias  nuxy  also  be  justified  in  many  oases  from  an 
engineering  standpoint  if  the  equipment  design  is  such  as  to 
prohibit  large  drifts. 

After  transforming  the  trajectory  coordinates  as  Indicated 
by  one  system  into  a  second  system's  natural  coordinates  (IMR,  PQR, 
AER,  etc.),  comparisons  often  indicate  a  drift  between  the  trans¬ 
formed  data  of  the  first  system  and  the  measured  data  of  the 
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second  system.  Figure  2  shows  the  differences  between  trans¬ 
formed  AZUSA  LMR  data  and  QE  MOD  III  measured  PQH  data  on  a  “ 
recent  test.  Such  differences  can  often  be  approxlm§ted  closely 
over  long  portions  of  a  trajectory  by  a  low  degree  p6lynomlal, 
with  time  as  the  independent  variable  (it  should  be  understood, 
however,  that  the  drifts  in  the  differences  do  not  necessarily 
inqply  a  drift  error  in  either  system,  since  a  constant  bias  In 
one  system  could  transform  into  a  drift  relative  to  the  other 
system).  The  existing  BBT  routine,  BETYB,  assumes  a  polynomial 
of  the  first  degree  (systematic  error  a  a  -t-  bt)  as  Its  error 
model.  The  physical  basis  for  such  an  error  model  lies  In  the 
fact  that  measurement  errors  due  to  such  factors  as  timing  bias 
and  survey  bias  can  often  be  approximated  by  a  low  degree  poly¬ 
nomial.  Figure  3  shows  the  effects  of  a  0.0001*  (approximately 
36  feet)  error  In  location  of  the  site  on  the  measurements  of  two 
radars  over  a  typical  ICBM  trajectory.  Note  that  the  errors  for 
the  radar  located  behind  the  trajectory  can  be  approximated  B»re 
closely  by  a  linear  error  model  than  the  errors  for  a  radar 
located  along  the  trajectory  such  as  at  Grand  Bahama  Island. 


In  formulating  an  error  model,  one  has  a  choice  of  using  an 
expression  In  which  ermre  are  Implicitly  expressed  or  one  in 
which  the  errors  are  explicitly  expressed.  A  polynomial  repre¬ 
sents  the  implicit  case  in  which  no  attempt  is  made  to  assl^  the 
cause  of  an  error  to  a  particular  source  such  as  calibration, 
survey,  timing,  reference  frequency  drift,  refraction,  etc.  Bven 
errors  due  to  unlenown  sources,  drtien  finally  detected,  can. often 
be  described  by  a  low  degree  polynomial.  A  good  case  can  also  be 
made  for  the  application  of  an  expllolt  error  model  In  Mhloh 
actual  physical  quantities  may  be  evaluated.  One  great  advantage 
of  such  an  approach  lies  in  the  fact  that  certain  errors  may  be 
In  oommon  to  several  of  the  different  measuring  devices.  Thus, 
all  the  UDOP  measurements  from  one  complex  mlpht  be  assigned  the 
same  timing  bias  due  to  a  timing  error  at  the  recording  site  or 
the  same  survey  error  terms  due  to  an  error  in  the  location  of 
the  Involved  survey  net.  Decreasing  the  nuniber  of  error  model 
terms  In  such  a  manner  should  result  In  a  much  better  oonvergenoe 
of  the  solution.  Disadvantages  of  such  an  approach  will  be  dis¬ 
cussed  later. 


Another  basic  assumption  involved  In  determining  a  BBT  Is- 
that  the  covariance  matrix  of  the  observations  is  known.  This 
requires,  in  the  case  of  an  error  model  BET,  an  estimate  of  the 
precision  with  which  the  condition  equation  fits  the  physical 
situation.  The  assumption  made  in  the  existing  BET  reduction 
program  is  that  the  condition  equation,  including  the  error 
model  terms,  fits  the  physical  situation  except  for  the  total 
noise  content  of  the  data.  Estimates  of  total  noise  In  the 
observations  are  used  to  weight  the  observations  during  the  least 
squares  adjustment.  Investigations  are  now  being  made  concerning 
the  possibility  of  including  serial  correlation  terms  In  the 
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vjelght  matrices.  At  the  present  time,  the  need  for  autocorjre- 
latlon  considerations  Is  being  partially  avoided  by  choosing 
data  samples  far  enough  apart  so  that  aerial  Independence  can 
be  assumed  for  all  data  entering  into  the  error  m^el  coef¬ 
ficient  determination. 


4.  Additional  Assumptions 

An  argument  can  be  made  that  in  utilizing  only  the  measurement 
data  from  a  particular  best  in  determining  that  test's  trajectory, 
a  large  body  of  useful  knowledge  gained  from  past  experience  is 
Ignoi'ed.  The  existing  BET  routine  Is  capable  of  making  use  of 
such  a  priori  knowledge  of  the  behavior  of  the  error  model  coef¬ 
ficients  by  treating  this  knowledge  as  quasi -measurement  data 
with  known  variance.  This  a  priori  knowledge  can  be  derived  from 
past  ballistic  camera  comparisons,  calibrations  made  using  cali¬ 
bration  towers,  engineering  specifications,  etc.  Similarly, 
knowledge  of  certain  trajectory  points  nsp;  be  entered  into  the 
computer  routine  as  quasi -measurement  data  with  associated  co- 
variance  matrices.  Such  data,  called  "control  data,"  are  usually 
furelshed  by  optical  systems  whose  basic  measurements  have  not 
been  assigned  an  error  model  in  the  reduction.  Both  types  of 
quasi -measurements  enter  Into  the  least  squares  adjustment  and 
affect,  in  varying  degrees,  the  determination  of  the  error  model 
coefficients.  A  newer  version  of  the  BET  routine  will  incorporate 
Integrated  guidance  data  as  quasi-measurement  data  with  a  poly¬ 
nomial  In  time  error  model. 

There  are,  of  course,  other  constraints  which  could  be 
placed  upon  the  data.  The  error  model  terms  could  be  adjusted 
further  in  free  flight  by  determining  a  post-bumout  position- 
velocity  vector  which,  when  numerically  Integrated  down  the 
trajectory,  would  give  a  least  squares  fit  to  the  data  (and  a 
best  estimate  of  impact).  Additional  quasi-measurement  equations 
could  be  used  in  relating  various  error  model  coofflolonts.  The 
position  data  could  be  constrained  to  equal  the  integrated 
velocity  data. 


5.  Certain  Effects  of  the  Error  Model  Assumptions  on  the  Error 
Wbdel"  BET - - - - 


It  was  previously  mentioned  that  no  trajectories  using  the 
DOVAP  tle-ln  point  solutions  were  ever  published.  The  principal 
reason  for  not  publishing  the  trajectories  was  that,  although 
the  trends  In  the  residuals  became  less  obvious  in  most  eases, 
the  computed  tie-in  points  often  took  on  values  which  differed 
unreasonably  from  points  determined  by  the  optical  tracking 
systems.  Although  the  tie-in  point  solutions  were  eventually  dis 
carded,  many  of  the  characteristics  which  later  appeared  In  BET 
computations  were  evident  In  the  tie-in  point  computations.  It 
was  found  that  convergence  of  the  solution  was  poor  unless  data 
samples  over  a  long  portion  of  the  trajectory  were  used  and  that 
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FIGUR''  5A 


TIME-SECONDS 


FIGURE  SB 


Indicated  by  propa.-'atAon  of  the  covariance  jnatrix  of  error 
model  coefficients  Into  the  Cartesian  trajectory  coordinates. 

This  is  shown  in  Fliture  4c  for  the  above  linear  error  model 
solution.  Note  that  the  estimate  of  residual  bias  decreases 
significantly  as  the  number  of  stations  Is  Increased  (curve  a  to 
curve  b)  and  even  more  significantly  as  the  geometry  la  expanded 
to  Include  a  Downrange  system  (curve  b  to  curve  c). 

Two  cases  which  show  vividly  the  possible  effects  of  er¬ 
roneous  error  model  assumptions  are  shown  in  Figures  5A  and  5B. 

Here,  only  the  first  three  systems  involved  in  the  preceding 
theoretical  case  were  used,  in  the  first  case,  a  survey  error 
of  0.0001*  (approximately  36  feet)  was  applied  to  the  latitude  of 
the  third  system  in  addition  to  its  linear  error.  The  effect  of 
this  survey  error  on  the  system's  measurements  is  shown  in  curve 
5C.  A  least  squares  solution  for  the  trajectory  was  then  made, 
assuming  only  the  linear  error  model.  The  differences  In 
Figure  5A  show  that  the  BET  estimate  (again  x  only)  was  far  worse 
during  the  late  portion  of  the  trajectory  than  any  of  the  indi¬ 
vidual  erroneous  trajectories.  In  the  second  example,  constant 
biases  were  applied  to  the  true  values  of  the  first  two  systems 
and  a  linear  error  was  applied  to  each  measurement  of  the  third 
system.  A  constant  bias  error  model  was  then  assumed  for  each 
measurement  Involved  In  the  least  squares  adjustment.  Note  that 
again  the  BET  was  not  as  good  as  two  of  the  individual  trajectories. 

These  two  cases  are  good  illustrations  of  a  ihjle  which  has 
made  itself  evident  in  BET  data  from  many  tests,  in  these  two 
cases  the  relative  values  of  the  measurements  changed  rapidly 
during  the  first  100  seconds  of  the  reduction  due  to  the  missile's 
trajectory  being  within  the  station  configuration  (in  order  of 
magnitude).  In  the  later  portion  of  the  trajectory  the  relative 
values  of  the  measurements  changed  only  gradually.  This  resulted 
in  the  familiar  ODOP  (oeometrlc  Dilution  of  Precision)  effect 
upon  the  error  model  coefficient  determination.  The  least  squares 
solution  automatically  biased  the  determination  to  give  the 
best  SHtimate  of  systematic  error  (and  trajectory)  in  the  region 
of  good  geometry.  The  effect  of  the  erroneous  error  model  was  in 
these  two  cases  greatly  magnified  later  in  the  trajectory.  This 
la  similar  In  concept  to  evaluating  a  poorly  fitting  polynomial 
at  a  great  distance  beyond  the  span  of  data  used  in  determiiilng 
the  polynomial  coefficients.  The  evaluation  may  be  close  to  the 
true  value  at  the  midpoint  but  the  errors  may  become  tremendous 
at  a  time  far  beyond  the  span.  The  effect  of  having  the  best 
geometry  very  early  in  the  trajectory  is  especially  detrimental 
when  the  point  of  track  of  any  system  is  uncertain.  An  error  of 
a  few  feet  in  the  tracking  point  can  be  Interpreted  as  an  angular 
error  of  several  hundred  mlcroradlans  in  one  of  the  instruments. 

This  may  result  in  only  a  small  trajentory  error  early  in  tne 
flight  but  will  become  greatly  magnified  later. 

Returning  to  Figure  5C,  we  see  that  the  survey  error  insulted 
in  measurement  errors  that  were  approximately  linear  in  time 
over  several  intervals.  BETs  were  computed  over  several  fifty- 
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second  Intervals  of  the  trajectory,  The  results  (x  coordinates 
onlyl  of  the  two  50-3econd  intervals  which  had  convergent 
solutions  are  shown  In  Figure  5A,  curves  B  and  C.  The  residuals 
of  both  solutions  were  very  random  tout  the  estimates  of  residual 
tolas  Indicated  by  the  covariance  matrices  were  so  large  as  to  ex¬ 
ceed  any  reasonable  accuracy  requirements.  This  bx^aklng  up  of 
the  trajectory  into  several  pieces  has  been  suggested  as  a  means 
of  avoiding  multi-term  error  models  but,  with  the  instrumentation 
data  available  on  a  typical  test  at  AMR.  th^s  usually  results  in 
near  indeterminacy. 


one  additional  example  shows  the  effects  of  an  erroneous 
error  model  upon  the  blab  adjustment  foi*  a  recent  Minuteman. 
Figure  6A  shows  the  differences  between  AZUSA  IMR  measurements 
and  the  same  data  as  indicated  by  the  Downrange  UDOP  system. 

Note  that  the  drift  between  the  two  systems  appears  to  be  fairly 
linear  In  all  parameters  only  in  the  range  89-119  seconds.  A' 
constant  bias  error  model  BET  was  first  computed  using  the  data 
from  89  to  175  seconds.  This  resulted  In  the  following  bias 
estimates  for  each  system  and  the  associated  estimates  of 
standard  deviation: 


AZUSA 


UDOP 


L  «>  .22  ppm 

M  a  16.22  ppm 
R  -  -20.53  feet 
-  1.75  ppm 

(Jjj  a  1.73  ppm 
o_  a  1.10  feet 

il 


Range  Difference  1 
Range  Difference  2 
Range  Sum 


■  .915  feet 

■  4.999  feet 
46.46  feet 

.23  feet 

.34  feet 
2.54  feet 


As  can  be  seen  in  Figure  6B»  obvious  trends  still  remained 
In  the  residuals  from  this  reduction.  The  trajectory  was  then 
recomputed  rising  the  area  f:rom  89  seconds  to  119  seconds  only, 
using  a  higher  sampling  rate  to  improve  convergence.  The  esti¬ 
mates  of  the  bias  estimates  with  their  associated  standard 
deviations  were  then  as  follows; 


AZUSA 


UDOP 


L  a  27.03  ppm 

M  a  -  8,81  ppm 

R  a  -  10.98  feet 

a  3.33  ppm 

Cjj  a  1.80  ppm 

Oji  a  2.89  feet 


Range  Difference 

1  « 

-  .892 

feet 

Range  Difference 

2  « 

-  2.J66 

feet 

Range  Sum 

m 

7.68 

feet 

m 

.29 

feet 

m 

.56 

feet 

Ss 

m 

7.56 

feet 

The  AZUSA  residuals,  shown  in  6C  have  now  taken  on  the  ap¬ 
pearance  Of  randomness.  The  UDOP  residuals,  not  shown,  also 
appeared  random.  Because  of  the  size  and  trends  of  the  residuals 
in  the  89-I6O  second  reduction  we  must  conclude  that  we  have  a 
poor  estimate  of  the  true  systematic  errors  and  that  the  associated 
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estimates  of  error  in  the  error  model  coefficients,,  are  ntueb.^O 
small.  On  the  other  hand,  based  upon  Internal  consistency .dnl^r, 
the  89-119  second  reduction  gave  a  reasonable  estimate  of  the 
instrumentation  biases.  The  higher  sampling  rate  in  the  89- 
119  second  reduction  appeared  Justified  because  the  total  noise 
content  of  Mlhuteraan  data  is  derived  mainly  from  the  higher 
quenoles,  thus  allowing  serial  Independence  of  data  samplies  be 
assumed  over  relatively  small  time  lags.  On  this  basis  the  esti¬ 
mates  of  standard  deviation  In  the  error  model  coefficients  also 
appear  realistic.  A  study  of  critical  times  on  this  test  Indi¬ 
cates  that  the  unrealistic  estimates  derived  in  the  89-160  second 
reduction  were  due  mainly  to  discontinuities  In  the  AZUSA  data 
because  of  the  interference  effects  of  the  third  stage  flame. 

Many  of  the  oroblems  encountered  with  the  existing  BBT 
routine  appear  to  stem  from  an  assumption  which  was  considered 
Intuitively  obvious.  The  assumption  has  manifested  Itself  in 
statements  taking  the  average  forms  ’’Given  a  sufficiently  over- 
determined  set  of  trajectory  observations,  the  estimate  of 
trajectory  can  be  improved  by  including  certain  persistent  bias 
terms  as  unknown  parameters.  Even  the  application  of  the  simplest 
error  model,  such  as  a  constant  bias,  will  improve  the  trajectory 
estimate,"  That  this  statement  la  not  necessarily  true  is  pointed 
out  by  the  previous  numerical  examples.  Additional  examples 
follow. 

Bata  from  continuous  wave  tracking  systems  often  contain 
discontinuities  which  result  in  a  true  error  model  of  square 
wave  or  step  function  shape.  Application  of  a  polynomial  type 
error  model  over  the  entire  trajectory  could  result  here  in  large 
estimates  of  rate  error  whereas  between  the  actual  discontinuities 
the  true  rate  errors  might  well  be  negligible.  Unfortunately, 
breaking  such  a  trajectory  into  several  portions  with  independent 
error  models  would,  in  many  cases^  result  In  near  indeterminacy 
because  of  poor  geometry. 

An  analogy  from  pol^moInial  cui*ve  fitting  might  be  of  Interest 
here.  It  is  well  krkown  that  application  of  toe  low  a  degree  poly¬ 
nomial  to  a  set  of  data  which  has  a  large  degree  polynomial  trend 
can  result  in  a  lar&e  bias  which  might  cancel  amy  Improvement  due 
to  noise  reduction,  in  actual  practice  it  does  little  good  to 
smooth  through  burnouts  or  ignitions,  the  unsmoothed  data,  for 
CW  systems  in  particular,  being  in  most  cases  closer  to  the  true 
values  than  the  smoothed  data. 

Recently,  much  impetus  has  been  given  to  the  development  of 
explicit  type  error  models  using  actual  physical  quantities  as 
unknowns  rather  than  polynomial  type  error  models  In  which  the 
errors  are  Implicitly  expressed.  Lest  one  believe  that  this  is 
the  ultimate  panacea  for  our  error  model  BET  problems,  let  us 
return  to  Figure  5B.  This  graph  shows  the  effective  measurement 
error  in  some  radar  measurements  due  to  survey  error.  Note  that 
the  error  In  the  range  measurement  for  the  radar  behind  the 
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trajectory  is  approximately  constant.  Thus,  if  a  range  measuring 
station  behind  the  trajectory  were  assigned  an  error  model  which 
contained  both  calibration  and  survey  error  terms,  and  the  noise 
content  of  the  data  were  of  such  magnitude  as  to  account  for  the 
differences  between  the  two  assumptions,  It  would  be  impossible 
to  separate  the  two  sources  of  error  without  recourse  to  additional 
knowledge.  Similarly,  elevation  and  azimuth  errors  can  be  ex¬ 
plained  In  particular  cases  by  calibration,  purvey  and  timing 
errors  Independently. 

The  effect  of  a  timing  error  upon  a  measurement  can  be  ex¬ 
pressed  as  a  function  of  measurement  rate.  We  can  see  in  Figure 
?,  curve  A,  the  difference  between  AZUSA  range  and  QE  MOD  HI  as 
a  function  of  range  rate.  It  appears  that  the  assun^ptlons  of  a 
relative  timing  error  of  about  tvro  milliseconds  could,  except 
for  the  change  of  trend  at  the  end  of  the  trajectory,  account 
for  the  drift  between  the  two  ranges.  Unfortunately,  no  timing 
errors  of  such  magnitude  in  the  two  eystema  appeared  physically 
cossible. 

It  is  important  to  note  the  word  "relative"  in  the, above 
paragraph.  The  BET  Solution  Is  based  upon  considerations  of  ’ 
Internal  consistency  of  the  data.  It  is  obvious  that  only 
relative  timing  errors  can  be  removed  by  the  BET  since  Internal 
consistency  can  be  maintained  by  adding  the  same  arbltiyiry  timing 
error  to  each  system's  data.  Similarly,  errors  in  longitude  can 
only  be  corrected  relatively  since  the  same  arbitrary  longitude 
error  could  be  added  to  each  instrument's  position  without  affect¬ 
ing  the  Intei'nal  consistency  of  the  data.  Advantage  can  be  taken 
of  this  situation  by  assuming  one  system's  timing  and  location 
as  the  standard.  Because  of  the  resulting  decrease  in  the  number 
of  unknowns,  the  solution  normally  converges  faster  when  this  is 
done.  The  effect  of  this  assumption  on  the  trajectory  is  not 
very  detrimental  because  a  small  timing  bias  or  survey  bias 
existing  in  common  at  all  sites  normally  results  in  only  a  small 
displacement  of  the  trajectory  in  the  desired  coordinate  system. 


6,  Effects  of  the  v/elghtlng  and  a  Priori  Estimates  on  the  Error 
Hodel  BBT - - - 

The  total  noise  estimates  used  in  weighting  the  measurement 
data  have  been.  In  most  eases,  computed  using  a  varying  lag 
variate  difference  technique.  The  physical  basis  for  using  such 
a  technique  is  mentioned  In  (6).  The  most  detrimental  effect  of 
poor  weighting  appears  to  be  that  it  may  cause  the  BET  to  be 
noisier  than  trajectories  computed  by  one  or  more  of  the  Indi¬ 
vidual  systems.  If  the  error  model  fits  the  physical  situation 
(as  in  the  previously  used  hypothetical  ICBM  ease),  erroneous 
weighting  does  not  have  a  great  effect  upon  the  determination 
of  error  model  coefficients  although  the  associated  estimates  of 
covariance  become  erroneous  as  do  the  covariance  estimates  of 
the  trajectory  coordinates.  One  example  of  the  effect  of  a 
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chahge  of  weight  upon  the  BET  is  given  In  Figure  5A,  curve  A. 

Here  the  estimate  of  the  standard  deviation  of  the  noise  In 
the  System  3  data  was  doubled  (thus  decreasing  its  weight).  • 
Note  that  the  tra.]ectory  moved  much  closer  to  the  true  trajectory 
at  the  beginning.  Where  System  3  was  at  a  relatively  great 
distance  from  the  missile,  but  again  diverged  far  from  the  true 
trajectory  as  System  3'8  geometric  contribution  to  the  solution 
became  more  significant.  The  effect  upon  the  estimates  of 
systematic  error  In  Systems  1  and  S  was  to  bring  them  much  closer 
to  their  known  values. 

The  effects  of  the  a  priori  quasi -measurement  data  on  the 
BBI  results  depend  largely  upon  the  amount  of  overdetermlnatlon 
existing,  ihus.  If  we  have  enough  overdetermlnatlon  to  give  us 
an  estimate  of  error  in  the  computed  error  model  ooefflolents 
of  one  part  per  million  in  direct ion  cosine,  the  additional  a 
priori  quasl-measurementa  with  a  standard  deviation  estimate 
of  twenty  parts  per  million  will  have  little  effect  on  the  BET 
results.  The  use  of  a  priori  estimate  In  a  BBT  reduction  does 
not  rest  upon  very  firm  ground.  The  effect  of  the  estimates 
can  be  varied  drastically  by  simply  changing  the  saiqpllng  rate 
If  this  Is  warranted  by  having  Independent  samples.  The  esti- 
isates  can  be  weighted  In  such  a  way  as  to  enforce  one  system 
over  another  If  this  should  be  desired.  The  effect  of  the  a 
priori  estimates  la  espeolally  signifioant  in  oases  where 
near  undeterminaoy  exists  (as  in  the  case  described  In. Figure 
3A,  curve  C).  On  most  BSTa  published  so  far,  because  of  the 
<Iue8tlonable  validity  of  their  applioatlon,  the  estimates  of 
varlanoe  In  the  quasi -measurement  data  have  been  made  so  large 
that  the  overdetermlnatlon  due  to  the  actual  trajectory  measure- 
ewnts  has  bean  the  overwhelming  factor.  In  affeot.  the  error 
model  ooefflolents  have  been  treated  as  complete  unknowns. 


7.  Conclusion 

The  findings  discussed  In  this  presentation  might  be  sum¬ 
marised  by  repeating  an  old  axioms  Beware  of  the  Intuitively 
obvious.  The  Intuitively  obvious  in  this  case  was  that,  given 
a  sufflolmtly  overdetermined  set  of  observations,  the  appli¬ 
cation  of  any  simple  error  model  (such  as  a  constant  bias) 
would  lead  to  an  improved  estimate  of  trajectory. 

The  preceding  examples  have  shown  that  this  Is  not  neoessarlly 
true.  Host  of  the  early  analysis  on  the  BET'  problem  was  based 
upon  hypothetical  error  models  which  fitted  the  simulated  data 
exaotly.  The  applioatlon  at  AMR  of  the  metnod  to  actual 
rather  than  simulated  data  has  brought  into  display  the  many 
possible  limitations  of  the  method.  These  Inoludet 

(a)  The  fact  that  Inoreaalng  th.e  number  of  terms  In  the 
error  model  oan  cause  a  swift  approach  toward  In- 
determlnaoy.  Thus,  In  going  from  the  OMistant  bias 


error  model  to  the  linear  eri’or  model,  the  esti¬ 
mates  of  residual  bias  can  In  many  eases  Increase 
by  one  or  two  orders  of  magnitude. 

(b)  The  fact  that  as  we  Increase  the  number  of  terms  In 
the  error  model,  the  effect  of  the  i«malnlng  small 
errors  on  the  trajectory  becomes  accentuated,  this 
is  a  direct  consequence  of  (a). 

(c)  The  fact  that  different  physical  eri*ora  can  have  the 
same  effects  upon  the  internal  consistency  of  the  data 
and  thus  cannot  be  separately  determined  by  the  BBT 
error  model  solution. 

(d)  The  fact  that  error  model  coefficients  determined 
mainly  by  the  geometry  over  one  portion  of  the  tra¬ 
jectory  often  prove  detrimental  when  applied  to 
another  portion  of  the  trajectory. 

Much  analycis  remains  to  be  done  concerning  the  effects  of 
erroneous  error  model  assumptions  on  a  BE??,  and  much  of  our  know¬ 
ledge  of  BET  limitations  gained  so  far  has  been  the  result  of 
chance  encounters  during  data  processing.  The  tone  of  this  pre¬ 
sentation  may  have  appeared  pesslmlstlo  but  this  was  completely 
unintended.  As  in  many  other  fields,  the  study  of  failures  and 
limitations  is  a  necessary  step  toward  a  better  understanding 
and  toward  further  progress.  Despite  all  of  the  negative  aspects 
stressed  here,  one  fully  compensating  positive  fact  cannot  be 
denied;  (}lven  a  realistic  error  model  with  a  good  geometric 
distribution  of  tracking  stations  over  the  trajectory  In  question, 
the  error  model  BET  method  will  truly  provide  a  "Bast  Estimate 
of  Trajectory . " 
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PAFB 

Little,  P.  R  . 

STL 

Cocoa  Beach,  Fla. 

Luechesi,  G.  A.,  LtCol 

APCS 

OAFB 

Lutowskl,  N. 

MTOBR 

PAFB 

Luaietti,  J.  L. 

NASA 

Cocoa  Beach,  Fla. 

McCall,  W.  L. 

Autonetics 

Cp.  Canaveral,  Fla. 

McCoUough,  R.  R. 

Martin  Co 

Denver,  Cdo. 

McConible,  H.  E. 

Hercules  Pwder  Co. 

Bacchus,  Utah 

McCoraack,  P.  J 

IBM 

Cocoa  Beach,  Fla. 

McDonald,  F.  W.,  Jr. 

Autonetics 

Anaheim.  Calif. 

Mklllnckx^  A.  J. 

Comm  Res  Labs 

Santa  Ana,  Calif. 

Mallory,  N.  D. 

RCA 

PAFB 

Msnclnl,  A. 

AFCRL 

Hanscom  Fid,  Mass. 

Manges,  R.  E. 

Tbimtol 

Brin^uun  City,  Utah 

Mann,  M.  E. ,  Jr. 

Manning,  W.  H.,  Jr. 

MTGSS 

PAFB 
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Martin,  C.  F. 

Martin,  K.  W. 

Martin,  M.  A. 

Masch.  H.  D. 

Mayo,  J.  M. 

Merkie,  R.  A. 

Mertens,  L.  A. 

Mitchell,  R.  W. 

Moody,  R.  H. 

Morrissey,  G.  E. ,  Capt 
Moss,  H.  D. 

Motley,  C.  H. 

Moyer,  R.  W. 

Murrin,  Francis  E. 
Naumcheff,  M. 

Neal,  D,  A. 

Neal,  W.  C. 

NeecUiam,  P.  E. ,  Capt 
Nelson,  B,  B. 

Nelson,  D,  M. 

Nersesian,  R.  R. 

Nlcol,  D.  A. 

Nobles,  R.  O. 

Norman,  R.  L. 

Norowlch,  V.  R. 

Nosby,  L.  J. 

O'Connor,  E.  A.  ,Jr. ,  Lt 
O'Connor,  J.  J. 

Oliver,  C.  F. 

Olllkala,  E,  E. 

Pajje,  E.  N. 

Parks,  D.  H. 

Parks,  J.  E. 

Painter,  J.  T. 

Pearce,  C,  E. ,  MaJ 
Peer,  R.  R» 

Pepple,  R. 

Perkins,  C.  E, 

Plckover,  H. 

Finder,  P.  H. ,  Jr. 
Pinter,  P.  N. 

Powell,  W, 

Price,  W.  A. 

Principe,  V.  P. 
Radcllffe,  F.  R. 
Randolph,  C,  R. 


PAWA 

G£ 

GE 

RCA 

RCA 

Aerospace 

RCA 

STL 

STL 

MTOEC 

JPL 

Bell  Tel  Lab 

Martin  Co 

AC  Spark  Plug  Div 

NASA 

STL 

Hercules  Pwdr  Co 

APCS 

GE 

Aerospace 

MTQMA 

RCA 

AC  Spark  Plug  Div 

MTQDD 

MTGSS 

AC  Spark  Plug  Div 

DWTM 

RCA 

Autonotlcs 

ARMA 

STL 

RCA 

PAWA  * 

RCA 

MTGS 

RCA 

RCA 

STL 

MTQP 

STI. 

MTQXP 

RCA 

PAWA 

GE 

Aerospace 

397 


PAFB 

Philadelphia,  Pa. 

PAFB 

PAFB 

SanBernardino»  Calif. 
PAFB 

Cocoa  Beach,  Fla. 

Cocoa  Beach,  Fla. 

PAFB 

Cp.  Canaveral,  Fla. 
Whippany,  N.  J. 

Cocoa  Beach,  Fla. 
Milwaukee,  Wise. 
Huntsville,  Ala. 

Cocoa  Beach,  Fla. 

Magna,  Utah 

OAFB 

PAFB 

PAFB 

PAFB 

PAFB 

MUwaukee,  Wise. 

PAFB 

PAFB 

Pt.  Canaveral,  Fla. 

PAFB 

PAFB 

Downey,  Calif. 
Vandeiiberg  AFB,  Calif. 

PAFB 

PAFB 

PAFB 

PAFB 

PAFB 

PAFB 

PAFB 

Calif. 

PAFB 

PAFB 

PAFB 

PAFB 

Los  Angeles,  Calif. 


Randolph,  J.  ?. 

Ranqu&t  D.  E. 

Redmond,  J.  A. 

Relf,  K. 

Reujl,  J.  8. 

Rlvett,  J.  E. 

Roberts,  A. 

Rollins,  J. 

Romo,  P.  E4  •  Lt  Co* 
Rosenfleld,  G.  H. 

Roy,  A.  J. 

Ro^,  L.  E. 

Rutherford,  D.  E* 
Rutkowskl,  P.  T. 
Sanders,  Alfred 
Sanders,  M.  A. 
Scbmyse.’,  C.  F. 
£chr.lne,  G.  H. 

Scott,  C.  R. 

Sailors,  R.  E. 

ShuiXor,  R.  H. 

Sheldon,  L.  L. ,  Capt 
Shirlo:',  R.  C« 

Shoot;,  G.  R. 

Short,  W.  T. 

SUvostro,  H, 

Sjogren,  W.  L. 

Smith,  D.  P. 

Smith,  M.  R. 

Smith,  V.  J. 

Snapper,  J. 

Snell,  R«  3* 

St.  Clair,  J.  H.,  Capt. 
SteagaU,  W.  F. 
Strauss,  W.  C. 
Strickli^,  D.  M. 
Tabeling,  R.  H. 
Taiani,  Angelo  J. 
Taylor,  W.  C.,  Jr. 
Tear,  R.  T. 

Thomas,  T.  R. 
Thome,  C.  J. 

Tice,  li.  T. ,  Jr. 
Trii^le,  W.  J. ,  Jr. 
Vancor,  E. 


JPL 

Autonetics 

Boeing 

RCA 

JPL 

Chrysler  Corp 

RCA 

RCA 

MTQFW 

RCA 

RCA 

NASA 

DWTM 

N.  AmerictfiAVia 

AC  Spark  Plug  Div 
Chrysler  Corp 
Sangamo  Elec  Co 
RCA 

Aerospace 
Martin  Co 
AFCRL 
MTQMA 
STL 

N.  American  Avia 

MTOBC 

JPL 

Burroughs  Corp 
Martin  Co 
Douglas  Acft  Co 
Autonetics 
Martin  Co 
APCS 

N.  American  Avia 
APL 

Martin  Co 
RCA 
NASA 
POVM 

Wolf  R&D  Corp 

Sangamo  Elec  Co 

PMR 

Lockheed 

AVCO 

AVCO 


Silver  Springj  Md, 
Downey,  Caltf. 

Cocoa  Beach,  Fla. 

PAFB 

Calif. 

Detroit,  Mich. 

PAFB 

PAFB 

PAFB 

PAFB 

PAFB 

Cocoa  Beach,  Fla. 
PAFB 

Downey,  Calif. 

Pt.  Canaveral,  FUu 
Melbourne,  Fla. 
Springfield,  HI. 

PAFB 

PAFB 

Cocoa  Beach,  Fla. 
Hanacom  Fid,  Mass. 
Cp.  Canaveral,  Fla. 
Redondo  Beach,  Calif. 
Downey,  Calif. 

PAFB 

Pasadena,  Calif. 

Pt.  Canaveral,  Fla. 
Denver,  Colo. 

Santa  Monica,  Calif. 
Calif. 

Cocoa  Beach,  Fla. 
OAFB 

Downey,  Calif. 

Silver  Spring,  Md. 
Cocoa  Beach,  Fla. 
PAFB 

Cocoa  Beach,  Fla. 
Eglin  AFB,  Fla. 
Mass. 

Springfield,  HI. 

Pt.  Mogu,  Calif. 
Sunnyvale,  CaUf. 
Wilmington,  Maas. 
Wilmin^n,  Maas. 
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Vergenz,  G.  R. 
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Orlando,  Fla. 

in  .'  A 

- 

,  Jr. 

FTFSE-IJ 

E^maAFB^  Calif. 

RCA 

.  PAFB  . 

Jr. 

NASA 

Hooston,  Texas 

Lockheed 

Cocoa  Beach,  Fla. 

NASA 

Cocoa  Beach,  Fla. 

Lockheed 

Sunnyvale,  Calif. 

r. 

RCA 

PAFB 

N.  American  Avia 

Downey,  Calif. 

FBM  Proj  Off 

PAFB 

Martin  Co 

Orlando,  Fla. 

Martin  Co 

Cocoa  Beach,  Fla. 

Martin  Co 

Orlando,  Fla. 

RCA 

PAFB  .  . 
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